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The  Arizona  Imager/Spectrograph  (AIS)  science  support  effort  included  several 
aspects  of  shuttle  and  spacecraft  interactions  research.  Software  development,  flight 
planning  and  analysis  of  related  ground-based  observations  of  the  shuttle  interaction  were 
included. 

The  first  objective  of  the  program  was  to  establish  a  data  handling  and  analysis 
system  which  would  be  ready  to  receive  the  AIS  data,  evaluate  the  data  and  provide  imaging 
and  spectrographic  tools  for  analysis.  Two  Sun  Microsvstents  computers  were  procured  for 
this  task.  Tne  ^Image  Reduction  and  Analysis  Facility"  flRAF)  software  mtem,  developed 
by  the  Kitl  Peak  National  Observatory,  was  adopted  ana  installed  on  the  Sun  computers  by 
our  data  center  personnel. 

Several  students  and  some  of  the  scientific  staff  became  involved  in  the  experiment 
planning,  data  handling  and  analysis  for  both  the  AIS  flight  program  and  the  ground-based 
shuttle  observational  program  at  the  Air  Force  Maui  Optical  Station  (AMOS). 

The  AIS  flight  planning  task  continued  from  delivery  of  the  experiment  to  the 
payload  integrator  in  Ciermany  in  May  1989  until  flight  of  the  experiment  on  the  Space 
Shuttle  in  April/May  of  1991.  Since  the  AIS  was  also  to  provide  supporting  data  for  all  other 
experiments  on  the  mission,  special  experiment  sequences  were  aeveloped  for  each  of  the 
six  experiments.  With  various  options,  this  amounted  to  about  thirty  templates  or  individual 
experiments. 

As  the  program  proceeded  and  our  shuttle  operational  procedure  was  defined,  a 
problem  in  communications  was  identified.  A  committee  solution  to  this  problem  was  to 
reduce  the  necessity  to  edit  templates  by  putting  more  options  in  the  instrument  to  select 
from.  A  further  one  hundred  templates  were  designed.  These  templates  had  to  be  run 
individually  through  the  payload  system  in  Germany.  Flight  scheduling  and  planning 
became  an  associated  problem  in  supporting  the  AIS  in  flight.  The  planning  team  then 
became  the  flight  team  for  the  AIS.  in  the  finl  of  1990  and  spring  of  1991,  the  team  was  in 
training  through  various  Joint  Integrated  Simulation  meetings  for  Shuttle/payload  flight 
activity  at  Johnson  Space  Center.  Fmally  these  personnel  supported  the  AIS  exfwriment  on 
the  Shuttle  at  JSC  during  the  flight. 

Preliminary  data  were  available  immediately  after  flight  from  the  reoFtime  downlink. 
These  data  provided  "quick  took"  material  for  our  sponsors.  The  flisht  data  which  had  been 
recorded  on  board  the  satellite  became  available  in  late  May  1991.  Unfortunately  the 
shuttle  supplementary  data  was  not  forthcoming.  At  the  end  ot  this  contract  in  September, 
1991,  we  had  not  received  sufficient  .shuttle  altitude  and  pointing  information  from  the  Data 
Management  Center  to  proceed  with  definitive  analysis. 

The  AIS  data  were  reviewed  carefully  to  identify  periods  in  which  good  data  were 
received  on  the  identified  experiments.  About  4S  data  sets  were  identifleo  and  work  was 
begun  on  preparing  them  for  analysis. 

A  second  scientific  data  set,  which  was  a  companion  to  the  AIS,  came  from  the 
AMOS  observational  program.  The  commonality  between  the  data  from  the  observations 
of  thruster  firings  by  the  shuttle  over  AMOS  and  the  AIS  flight  experiments  joined  these  two 
scientific  analysis  programs.  The  results  of  the  AMOS  obsefvution.s  were  directly  applicable 
to  the  AIS  experiment  planning  activity.  Hie  AMOS  expcrimem.s  produced  data  in  the 
same  format  as  the  AISi.  This  aetivity  immoved  our  software  preparation  activity  for  the 
AIS  and  was  a  good  training  opportunity.  The  analysis  team  received  data  from  six  AMOS 
overflights. 


1 


On  the  first  opportunity,  the  spectrum  of  the  shuttle  PROS  (Primary  Reaction 
Control  System)  was  acquired.  Althougn  the  resolution  was  low,  several  important  spectral 
features  were  identified:  a  very  strong  emission  of  NH  was  discovered  near  3400  A,  and  a 
longer  wavelength  emission  which  was  subsequently  identified  as  the  01  (6300,  6364  A) 
lines.  The  work  on  the  OI  line  has  been  submitted  for  publication  (Appendix  A).  A  study  of 
the  NH  interaction  was  initiated.  Dr.  Joseph  W.  Chamberlain  provided  the  attached  report 
(Appendix  B)  with  respect  to  the  hydrogen  interaction  with  the  atmosphere.  Some  ot  the 
work  and  analysis  in  tne  preparation  of  two  technical  papers  (Appendices  C  and  D)  was 
provided  by  this  contract. 
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Paper  prepared  for  publication: 

“Spectrographic  Observation  at  Wavelengths  near  630  nm  of  the 
Interaction  between  the  Atmosphere  and  the  Space  Shuttle  Exhaust" 


SPECTROGRAPHIC  OBSERVATION  AT  WAVELENGTHS 
NEAR  630  NM  OF  THE  INTERACTION  BETWEEN  THE 
ATMOSPHERE  AND  THE  SPACE  SHUTTLE  EXHAUST 
A.  L.  Broadfoot,*  E.  Anderson,*  P.  Sherard,*  D.  J.  Knccht,* 

R.  A.  Viereck,^  C.  P.  Pike,^  Edmond  Murad,^  J.  E.  Elgin,^  L.  S.  Bernstein.^ 

1.  L.  Kofsky.^  D,  L.  A.  RaU/  J.  Blaha,^  and  F.  L  Culbertson* 

ABSTRACT 

The  collision  between  the  exhaust  from  the  Primary  Reaction  Control  System  (PRCS)  engines 
(870  lbs  thrust)  of  the  space  shuttle  and  the  ambient  atmosphere  has  been  observed  from  the  Air 
Force  Maui  Optica)  Station  (AMOS).  Spectra  have  been  obtained  in  the  wavelength  region  near 
630  nm.  The  temporal,  spatial,  and  spectral  distribution  of  the  emission  in  this  region  has  been 
recorded.  The  results  reported  here  indicate  that  when  the  exhaust  of  the  space  shuttle  interacts 
with  the  atmosphere  in  the  ram  direction,  an  intense,  long-lasting  emission  at  630  nm  due  to 
0(*D  *P)  is  generated.  A  substantial  amount  of  0  (*D)  is  swept  back  onto  the  orbiter.  Two 

processes  are  proposed  for  the  foitnation  of  0(*D):  (I)  excitation  of  atmospheric  0(*P)  by 
collisions  with  the  exhaust  of  the  space  shuttle  engines:  and  (2)  ctu^ge  exchange  between 
ambient  O'**  and  exhaust  H^O.  Calculations  using  the  SOCRATES  Code  show  excellent 
agreement  with  the  data. 

1.  Lunar  and  Planetary  Laboratory,  University  of  Arizona.  Tucson,  AZ 

2.  Phillips  Labontoiy,  OLAA-WSSI,  Hanscom  AFH.  MA 

3.  Spectral  Sciences,  Inc.,  Burlington,  MA 

4.  FhotoMetfics,  Inc.,  Woburn,  MA 

5.  NASA,  Johnson  Space  Center.  Houston,  TX 
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INTRODUCTION 

In  a  previous  report  (Murad  et  al,  1990),  we  presented  telescope  images  of  the  interaction 
of  space  shuttle  exhaust  gases  with  the  atmosphere  as  a  function  of  angle  of  attack.  Those 
measurements  were  made  in  the  visible  region  of  the  spectrum  using  an  ISIT  camera  with  an 
uncharacterized  generic  S-20  response.  Such  observations  are  relevant  to  the  use  of  space-borne 
platforms  for  astronomical  measurements  (see,  for  example,  Koch  et  al,  1988),  routine  operations 
(see,  for  example,  Scialdone,  1984),  and  plume  research.  Onboard  mass  spectrometry  has  shown 
complex  mass  spectra  that  are  strongly  influenced  by  the  firings  of  attitude-control  jets  on  the 
Space  Shuttle  (Ehlers,  1986;  Wulf  and  von  Zahn,  1986).  These  onboard  measurements,  of 
course,  detect  only  those  molecules  that  have  been  scattered  back  into  the  shuttle  bay;  the 
reaction  of  the  exhaust  with  the  atmosphere  and  the  products  of  this  interaction  are  not  directly 
observed.  Because  the  nature  of  the  optical  environment  of  the  space  shuttle  has  important 
implications  for  use  of  spocc-bome  platforms  for  research,  we  have  extended  the  data  by 
obtaining  ^)ectral,  spatial,  and  temporal  informatitm  about  the  interaction  region.  In  this  paper 
we  present  and  interpret  spectral  data  for  on  emission  feature  near  630  nm,  a  region  that  is 
amenable  to  interpretation.  As  we  will  show,  the  emission  is  due  to  a  metastable  species,  0(’D). 

EXPERIMENT 

Primary  Reaction  Control  System  (PROS)  engines  of  the  Space  Shuttle.  STS41,  were 
fired  on  October  7, 1990  at  1326  UT  during  a  period  when  the  Shuttle  could  be  observed  from 
the  Air  Force  Maui  Optical  Station  (AMOS).  The  altitude  of  the  shuttle  was  290  km.  The 
firings  were  observed  with  an  ICCO  spectrograph  at  the  focus  of  a  200*mm  aperture,  US 

AMOS/ 19  May  1992n^e  2 
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telescope  mounted  on  and  coaligned  with  a  1.6-meter  telescope.  ICCD-spectrograph  design 
criteria  have  been  discussed  in  general  by  Broadfoot  et  al.  (1992).  The  instrument  used  here  had 
a  high  throughput  (f/1.2),  broad  spectral  coverage  (310-710  nm),  and  time  resolution  consistent 
with  the  time  scale  of  the  interaction  phenomena  (0.84  sec  per  exposure).  The  slit  image  at  the 
detector  was  192  pixels  in  length  and  was  subdivided  electronically  into  twelve  segments  of  16 
pixels  each.  In  the  direction  of  slit  width  the  image  was  dispersed  over  384  pixels,  coadded  to 
provide  a  spectral  resolution  of  about  10  nm.  The  instrument  was  calibrated  before  and  after  the 
experiment. 

In  order  to  observe  the  morphological  development  of  the  interaction  between  the  shuttle 
exhaust  gases  and  the  atmosphere,  the  spectrograph  slit  length  was  aligned  with  the  shuttle 
velocity  vector,  as  shown  in  Figure  1.  Engines  were  Hred  successively  in  four  directions  (ram, 
wake,  down,  and  up),  each  bum  lasting  three  seconds  followed  by  a  quiescent  period  of  five 
seconds.  The  thrust  directions  were  forward  (ram,  hereafter  referred  to  as  Bum  1),  aft  (woke, 
hereafter  referred  to  as  Bum  2),  down  (nadir,  hereafter  referred  to  as  Bum  3),  and  up  (zenith, 
hereafter  referred  to  as  Bum  4).  The  geometry  of  the  experiment  and  the  bum  limes  as  viewed 
from  AMOS  are  illustrated  in  Figure  2.  The  trajectory  passed  near  the  zenith  at  AMOS  (neariy 
overhead),  but  the  bums  were  conducted  after  reaching  that  point  to  avoid  looking  into  the  near¬ 
zenith  moon.  Because  the  instrument  line  of  sight  lay  in  the  plane  containing  all  four  exhaust 
directions,  the  slit  sampled  all  four  bums. 

RESULTS 

The  spectrograph  data  conkiin  spectral  information  (location  of  pixel  in  the  dispersion 
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direction),  spatial  infonnation  (location  of  pixel  in  the  direction  of  slit  length),  and  temporal 
information  (sampling  by  successive  exposures),  provided  the  emissions  are  sufficiently  bright 
to  yield  adequate  counting  statistics.  If  not,  the  data  can  be  processed  by  summing  pixel  values 
in  several  different  ways  that  yield  the  highest  spectral,  spatial,  or  temporal  resolution  of  the 
emission  region.  For  highest  spectral  resolution,  counting  statistics  can  be  improved  by  summing 
over  time  (more  than  one  exposure)  and/or  spatial  extent  (adding  one  or  more  slit  segments). 
Similarly,  for  best  temporal  infonnation,  data  can  be  summed  over  a  selected  spectral  range  as 
well  as  over  slit  length,  and  best  spatial  infonnation  is  obtained  by  summing  over  time  and 
spectral  dispersion. 

Figure  3  presents  the  data  for  burn  No.  1  (ram)  in  the  500*710  nm  region  of  the  spectrum, 
comparing  the  exhaust  interaction  spectrum  with  the  airglow  spectrum  measured  with  the  same 
instrument  The  bum  spectrum  was  acquired  in  three  seconds,  while  the  airglow  spectrum 
required  an  exposure  of  180  $.  These  observations  were  made  on  October  7,  1990.  three  days 
aAer  full  moon  (91^  full).  The  strong  feature  between  615  and  643  nm  is  identifred  as  the 
C}(*D>4^P)  transition  (630.0, 636.4  nm).  This  ideniification  was  subsequently  confirmed  by  the 
spectrum  labeled  STS-43  In  Figure  3,  from  a  similar  experiment  on  7  August  1991.  in  which  a 
higher-resolution  spectre  ^raph  was  used.  The  second  feature  in  the  665*695  nm  region  is  due 
mostly  to  second-otder  diffraction  of  (he  NH  (A‘**X)  fundamental  at  336  nm.  Some  small  part 
of  the  feature  at  665*695  tun  may  be  due  to  Ute  OH  (X  Meinel  system,  as  proposed  in  rui 
earlier  study  (Murad  €t  at.,  1990).  However,  that  contribuiion  appears  to  be  quite  small. 
Therefore,  in  the  following  discussion,  we  will  refer  to  Uie  wavelength  of  this  feature  as  336  nm. 
We  plan  to  discuss  in  this  report  the  nature  and  origin  of  the  emissions  in  the  spectral  region  near 
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630  nm;  to  a  much  lesser  extent  we  will  also  discuss  the  difference  between  the  two  features  of 
the  interaction  spectrum  around  630  and  336  nm. 

Figure  4  shows  the  intensity  of  these  two  emissions  as  a  function  of  time.  These  curves 
were  obtained  by  summing  over  all  slit  segments  and  over  the  wavelength  range  615-645  or 
665-695-nm  (sec  Figures  3  and  5).  The  start  and  stop  times  of  the  bum  were  taken  from  the 
shuttle  time  log.  The  time  scale  has  been  referenced  to  zero  at  the  start  of  the  first  bum,  and  the 
time  at  which  each  data  point  is  plotted  refers  to  the  beginning  of  the  spectrograph  exposure. 
A  notable  feature  of  Figure  4  is  the  delay  in  rise  and  fall  of  the  630-nra  emission  with  respect 
to  the  336-nm  emission.  The  336*nm  emission  turns  on  and  off  with  the  thruster.  The  delay  of 
the  630-nm  emission  is  between  two  and  three  seconds.  This  suggests  a  forbidden  emission  but 
ascribing  it  to  the  transition  which  has  a  radiative  lifetime  of  about  150  seconds 

(Radzig  and  Smirnov,  1985),  seemed  unlikely  until  the  dynamics  of  the  experiment  was  modeled 
as  discussed  below.  The  marked  difference  in  intensity  between  the  ram  and  woke  firings  is 
expected  from  the  energetics  of  the  gas-gas  reaction.  The  nadir  and  zenith  intensities,  shown  in 
Figure  4  are  relatively  strong;  the  difference  between  them  may  be  due  to  unequal  sampling  of 
the  plumes  by  the  spectrograph  because  of  telescope  aiming.  The  remainder  of  this  report  will 
deal  mainly  with  the  data  from  the  first  (ram)  bum. 

A  stacked  time-series  of  spectra  (eleven  consecutive  0.84-s  exposures  with  all  the  slit 
segments  added)  for  bum  No.  1  is  shown  in  Figure  5.  The  spectra  have  been  smooUied  with  a 
low  pass  mathematical  fiber  to  show  the  temporal  signature  more  clearly.  Time  labels  at  the 
right  side  of  the  plot  refer  to  the  start  of  each  exposure  and  correspond  to  the  times  of  the  data 
points  in  Figure  4.  llte  third,  fourth,  and  fihh  spectra  from  the  bottom  (1.04, 1.88.  and  2.72 
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seconds)  were  obtained  during  the  bum  and  show  the  strong  and  prompt  emission  at  336  nm. 
The  delay  in  growth  of  the  630-nm  emission  is  apparent  as  is  its  persistence  after  the  336-nm 
emission  has  ceased. 

The  spatial- temporal  characteristics  of  the  336-  and  630-nm  emissions  are  shown  in 
Figures  6  and  7,  respectively.  For  these  figures  spatial  resolution  in  the  direction  of  slit  length 
has  been  retained  by  not  summing  over  the  twelve  slit  segments.  At  the  shuttle  range  of  314  km 
from  AMOS,  each  slit  segment  was  illuminated  by  a  region  0.45  km  long.  Supplemental 
telescope  pointing  data  placed  the  shuttle  at  the  zero  of  the  distance  scale  in  Figures  6  and  7  with 
a  probable  error  ±  0.2  km.  Positive  distance  is  in  the  ram  direction. 

We  note  that  the  shuttle  is  moving  in  the  ram  direction  at  about  7.8  km/s  and  the  initial 
velocity  of  the  plume  gases  relative  to  the  shuttle  is  near  3.5  km/s  (Pickett  et  al.,  1985;  1986). 
The  336-nm  emission  (Figure  6)  appears  to  extend  at  least  2  km  in  front  of  the  shuttle  with  very 
little  emission  in  the  wake.  The  630-nm  emission  (Figure  7)  rises  slowly  in  the  forward 
direction,  spreads  into  the  wake  and  persists  for  several  seconds  after  the  bum  has  ended.  Both 
emissions  indicate  that  the  exhaust-gas  is  being  carried  along  with  the  shuttle.  The  shuttle  moves 
forward  several  plume  lengths  per  second;  nevertheless  the  emission  comes  from  the  region  ahead 
of  the  shuttle  even  after  the  firing  ceases.  The  extension  of  the  630-nm  emission  into  the  wake 
is  a  measure  of  the  "drag"  which  finally  separates  the  thruster  gases  from  the  orbiter. 

The  spectra  of  Figures  3  through  7  are  plotted  in  relative  urJts  because  of  the  various 
ways  the  data  have  been  summed  to  extract  spectral,  temporal  and  spatial  information.  From  the 
spectrum  at  2.72  sec,  we  have  estimated  the  peak  brightness  at  the  center  of  the  interaction  cloud 
(about  1  km  ahead  of  the  shuttle)  to  be  about  10  kR  in  the  630-nm  feature  (or  2.5  x  10’^® 
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watts/cmVsr). 

The  630-Dm  region  emission  is  not  necessarily  confined  to  the  0  (^D->^P)  transition.  We 
estimate  that  as  much  as  20%  of  the  emission  within  the  30-nm  band  could  be  from  other  plume 
emission  sources.  Intensity  estimates  through  the  three  phases  of  the  experiment  are  given  in 
Table  1.  There  is  some  uncertainty  about  the  intensity  of  the  perpendicular  bums.  We  have 
adopted  the  intensity  from  the  nadir  bum  since  it  registered  the  highest  intensity  or  a  lower  limit 
for  the  perpendicular  direction.  In  earlier,  visible-wavelength  (S-20  photocathode)  images  the 
nadir  and  zenith  bums  have  appeared  to  be  approximately  equal  in  brightness;  in  this  experiment 
we  suspect  that  the  lower  intensity  seen  by  the  spectrograph  during  the  zenith  bum  is  the  result 
of  observing  a  dimmer  part  of  the  plume  because  of  a  difference  in  pointing. 

DISCUSSION 

A,  615'645  nm  Feature:  We  ascribe  this  feature  to  the  0('d  ^P)  transition  for  the  following 

reasons: 

a.  Its  shape  agrees  closely  with  that  predicted  by  convolving  the  spectral-response 
function  of  the  instrument  with  doublet  lines  at  630  and  636.4-nm; 

b.  Its  shape  fits  the  night-sky  airglow  spectrum  shown  in  Figure  3; 

c.  The  assignment  was  subsequently  confmned  by  a  higher-resolution  measurement  from 
the  STS43  experiment  on  August  7, 1991,  as  shown  in  the  inset  in  Figure  3;  and 

d.  A  forbidden  transition  explains  the  emission  delay 

B.  Origin  of  0(^D):  Two  mechanisms  for  generating  the  0(*D)  arc  proposed: 

+  KjO  -4  4  0  (^D)  (1) 
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0  (^P)  +  X  ->  O  (^D)  +  X 


(2). 


where  X  is  any  exhaust  species  with  sufficient  kinetic  energy  to  excite  the  0(^D),  Reactions  (1) 
and  (2)  are  endocrgic  at  room  temperature  by  -  1  and  -  2  eV,  respectively.  When  the  orbital 
velocity  (i.e.  the  relative  velocity  of  the  initial  O  or  0^  and  the  velocity  of  the  exhr'us^  are 
summed  vectorially  the  center-of-mass  collision  energy  is  sufficient  to  overcome  the  energy 
barriers  in  the  ram  and  perpendicular  burns,  as  long  as  X  is  a  species  of  a  molecula'  mass 
comparable  to  that  of  0.  The  cross  sections  for  these  reactions  have  not  been  measured  because 
of  the  long  radiative  lifetime  of  O  (^D).  However,  the  cross  section  for  the  reaction; 

0-^  +  HjO HjO*  +  O  (la) 

where  the  slate  of  0  is  not  determined,  has  been  measured  (Hcningcr  cl  al.,  1989;  Dressier  et  al., 
1990).  More  recently  the  kinetic  energies  of  the  charged  products  of  reaction  (la)  have  been 
measured  (Dressier  et  al.,  1991),  and  from  these  measurements  one  can  obtain  an  indication  that 
at  least  sonce  of  reaction  (la)  may  proceed  via  (1).  In  the  analysis  of  the  630-nm  feature  we 
have  used  the  total  measured  rate  coefficient,  knowing  that  this  is  a  maximum.  Since  even  with 
this  rate  coefficient,  the  charge-exchange  channel  contributes  only  10%  to  the  0(^D),  the  error 
introduced  is  not  very  large. 

p^or  the  cross  section  for  reaction  (2)  we  have  used  the  recently  calculated  data  by  Sun 
and  Dalgamo  (1992).  Sun  and  Dalgamo  (1992)  fitted  the  quenching  rate  coefficient  to  an 
expression  of  the  type  Jfe^  c  (A  S/r  +  CT)xJ0‘^^  cm' molecule  .  We  fitted  their  data  to  an 

excitation  rate  coefficient  of  the  fonn  cm^ molecule* For  the 

deactivation  of  0(‘D): 

0(*D)  +  M  0(^P)-fM  (3) 
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(4). 


0(^D)  +  H20  20H 

we  have  used  the  data  reported  by  Abreu  et  al.  (1986)  for  reaction  (3),  where  M  is  N2  or  O. 
Published  data  indicate  that  k3(N2),  i.e.  the  deactivation  rate  constant  when  M  is  N2  (Link  et  al., 
1981;  Link  and  Cogger,  1988)  is  2.3xl0■'^  while  k3(0)  =  8.0x10*^^'  molecules  cra^  s'K 
Assuming  microscopic  reversibility,  we  then  estimate  the  rates  of  the  reverse,  endothermic 
reactions  to  be  k3’(N2  =  2.3x10-^  ‘exp(.22800/T.  and  k{(P)  =  8.0xlO-^2gxp(-22800/T)  molec  cm^ 
s*^  In  the  calculations  discussed  below  we  use  k2(H20)  =  k2(N2)  for  reaction  (2).  Table  2 
presents  a  summary  of  the  rate  constants  used  in  the  analysis  of  the  630  nm  feature. 

C  Temporal  and  Spatial  Characteristics:  Figures  4  and  7  show  the  intensity  of  this  emission  as 
a  function  of  time  after  initiation  of  bum  and  as  a  function  of  distance  from  the  spacecraft.  It 
is  clear  from  Figure  4  that  the  0(*D)  intensity  builds  up  slowly,  requiring  approximately  3 
seconds  to  reach  a  maximum.  After  the  bum,  the  emission  continues  for  at  least  5  seconds  after 
engine  shutoff.  Figure  7  also  shows  the  0(*D)  to  extend  as  much  as  2  km  ahead  of  the  orbiter 
and  as  much  as  3  lun  behind. 

D.  Return  Flux  of  Molecules  to  Spacecraft:  Besides  the  temporal  ^havior  of  the  630-nm 
emission,  the  data  of  Figure  7  show  that  by  2.72  s,  0  (*D)  begins  to  be  swept  into  the  wake  of 
the  spacecraft,  and  this  process  continues  aAer  temiination  of  the  firing  at  3  s.  As  late  as  6.92s 
(3.92  s  after  bum  termination'^  tliC  spacecraft  continues  to  overtake  the  0(‘D).  which  can  be  seen 
as  far  as  2  km  behind  the  spacecraft.  A  consequence  of  this  observation  is  that  0(*D),  and  by 
inference,  perhap.<i  other  ram-directed  exhaust  species  strike  the  surfaces  of  the  spacecraft.  This 
transport  is  a  complex  function  cf  the  radiative  lifetime,  elastic  scattering,  deactivation,  and 
chemical  reaction  of  0  (^D).  The  fact  that  we  see  0  (^D)  behind  the  spacecraft  and  the  fact  that 
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its  concentration  decreases  almost  exclusively  by  collisional  deactivation  or  reaction  rather  than 
radiation  suggest  that  the  products  of  its  reaction  will  be  present  both  ahead  and  behind  the 
spacecraft.  This  observation  can  be  generalized  to  other  reactive  species,  where  the  concentration 
of  the  products  is  determined  by  the  competition  between  radiative  relaxation  and  collisional 
(both  reactive  and  nonreactive)  scattering. 

For  example,  the  fast  reaction  with  H2O,  reaction  (4)  above,  has  a  rate  coefficient  of 
2.2x10"'®  cmV'  (Gericke  and  Comes,  1981 ;  Demore  et  al.,  1990).  Assuming  that  H2O  represents 
33%  of  the  exhaust,  and  assuming  that  its  density  is  -  10®  cra*^,  the  time  constant  for  this 
reaction  turns  out  to  be  -  5  s.  An  exhaust  product  with  a  slower  rate  coefficient  would  have  a 
correspondingly  longer  time  constant.  For  example,  a  potential  product  of  hydrazine  fuels  is 
NH2;  its  primary  reaction  will  be  with  atmospheric  0: 

O  +  NH2  NH  +  OH  (5) 

whose  rale  coefficient  is  -  1  x  10‘"  cm^  s*'  (Westley  cl  al.,  1990);  the  time  constant  against 
reaction  with  ambient  0  atoms,  assuming  again  the  local  density  of  NH2  to  be  -  10®  cm■^  is  - 
100  s,  i.e.  20  times  that  of  reaction  (4). 

£  Code  calculations  and  comparison  with  data:  The  SOCRATES  Code  (Elgin  et  al.,  1990)  was 
used  to  calculate  a  number  of  the  parameters  discussed  above,  namely,  the  relative  contribution 
of  reactions  (1)  and  (2),  the  effect  of  angle  of  attack  on  the  spatial  distribution  of  the  relative 
distribution  of  emission  rates  of  the  630-nm  doublet,  and  the  radiance  in  this  tine  as  a  function 
of  time.  We  used  the  appropriate  atmospheric  densities  for  altitude  (290  km)  and  time  (1326 
UT).  namely  [0+]  a  3.7  x  10^  cm'^  and  (0)  =  1  x  10®  cm*l  Briefly,  SOCRATES  is  a  Monte 
Carlo  Code  developed  to  calculate  and  predict  the  effect  of  interactions  of  spacecraft  surfaces 
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and  atmospheres  with  the  natural  environment  in  low  earth  orbit  The  code  includes  scattering 
and  chemical  reactions.  The  rate  coefficients  used  for  the  reactions  foimlng  and  destroying 
0(^D)  are  given  in  Table  2.  We  briefly  present  below  the  results  of  the  calculations  from  the 
more  detailed  description  of  this  work  available  elsewhere  (Elgin  et  al.,  1990). 

I.  Angle  of  Attack:  The  calculated  maximum  relative  column  emission  rates  at  630-nm  were  6.8, 
4.3,  and  1.0  kR  for  the  ram,  perpendicular,  and  wake  bums,  respectively.  These  values  compare 
favorably  with  the  observed  relative  signals  given  in  Table  1  and  so  lend  credence  to  the 
calculational  procedure.  Figure  8  shows  plots  of  the  radiant  intensity  of  the  0(  D)  -»  0(  P) 
photons  as  a  function  of  time  at  different  angles  of  attack.  The  differences  in  emission  intensities 
are  a  direct  result  of  the  variation  in  available  collision  energy  for  the  three  cases. 

II.  Time  of  Maximum  Intensity: 

Figure  8  shows  the  calculated  total  emission  rate  history  for  the  three  bums.  A  plateau 
is  predicted  approximately  2.5  seconds  into  the  bums,  in  substantial  agreement  with  the  data. 
The  relatively  slow  decay  after  engine  shutdown  in  the  calculations  is  predominantly  due  to 
residual  atmospheric  collisions  that  continue  to  excite  the  0(^D)  even  after  the  plume  has  left  the 
immediate  vicinity  of  the  vehicle,  and  the  transport  of  0(*D),  previously  excited,  into  the  field 
of  view, 

III.  Relative  Contributions  of  Reactions  (1)  and  (2): 

The  relative  contributions  of  the  collisional  and  chorge-exchange  mechanisms  are  shown 
for  the  ram  bum  in  Figure  9.  The  collisional  mechanism  is  dominant  throughout  the  bum.  The 
collisional  mechanism  remains  the  dominant  one  even  for  tl»c  wake  bum,  but  the  ratio  goes  down 
from  approximately  27  to  8  as  the  mean  flow  energy  is  reduced.  After  the  engine  shutdown,  the 
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charge-exchange  mechanism  decays  at  a  faster  rate  as  the  H2O  molecules  leave  the  vicinity  of 
the  vehicle,  while  the  collisional  mechanism  is  maintained  for  a  while  via  purely  atmospheric 
collisions. 

iv.  Predictions  of  emissions  from  the  0(^S)  -¥  0(^D)  Transition:  A  reaction  similar  to  reaction 
(2)  can  be  used  to  excite  the  0(*S)  in  the  ram  direction.  In  this  event,  emission  from  the 
0('S)->0(*D)  at  557  nm  would  be  expected.  We  calculated  profiles  for  this  emission  using  the 
rate  coefficients  given  by  Krauss  and  Neumann  (1975)  using  the  SOCRATES  Code.  These 
calculations  lead  to  a  total  emission  due  to  0(‘S)-»0(‘D)  which  was  a  factor  of  10  larger  than 
that  due  to  0(*D)->0(^P).  The  data  indicate  that,  in  fact,  {0(^S)-40(*D))/{0(*D)->0{^P)}  - 
0.1.  We  conclude  from  this  that  the  rate  coefficient  given  by  Krauss  and  Neumann  (1975)  is  not 
correct;  an  adjustment  downwards  by  a  factor  of  100  is  required  to  reconcile  the  observations. 
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Table  1 


PEAK  COLUMN  EMISSION  RATES 


"Sand  Region  (nm) 

Peak  Intensity  (kR) 

Assignment 

Wake 

Pcrp 

Ram 

615-645 

1 

7 

10 

Blended  01  +  ? 

630.0  +  636.4  lines 

I 

5 

8 

0(^P  -4  ^D) 

665-695 

7 

8 

12 

NH  Second  Order 
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TABLE  2 


I 


RATE  COEFFICIENTS  OF  REACTIONS 

k  = 


Reaction 

A 

n 

kcal/rool 

Reaction  AH 
kcal/mol 

0(^P)  +  N2  0(‘D)  +  N2 

1.28x10*” 

0.00 

45.3 

45.3 

0(^P)  +  0(^P)  ->  0(*D)  +  0(^P) 

4.9X10*'^ 

0.00 

45.3 

45.3 

0(^P)  +  HjO  -4  0(‘D)  +  H2O 

1.28x10*” 

0.00 

45.3 

45.3 

0('D)  +  N2  0(^P)  +  N2 

2.3x10'” 

0.00 

.45.3 

0(‘D)  +  0(¥)  ->  0(^P)  +  0(^P) 

8.0x10*” 

0.00 

iminQnii 

-45.3 

0(^D)  +  HjO  0(^P)  +  H2O 

2.3x10*” 

0.00 

-45.3 

0(‘D)  +  H2O  -4  OH  +  OH 

2.2x10'^® 

0.00 

0 

-28.3 

0*  +  HjO  -»  0(‘D)  +  H2O* 

<2.3x10*’ 

.0.03 

23.0 

23.0 
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FIGURE  CAPTIONS 


Figure  I  -  A  graphic  representation  of  the  experiment  as  seen  with  the  ISIT  imager,  with  ram  and 
wake  interactions  shown.  The  dimensions  of  the  shuttle  and  slit  are  exaggerated.  The 
Shuttle/plume  and  coordinate  system  move  in  the  positive  direction  at  7.8  km/sec.  The 
slit  projection  is  shown  for  the  12  consecutive  spatial-sample  regions. 

Figure  2  -  Geometry  of  the  engine  firing  measurements. 

Figure  3  -  A  composite  of  three  spectra.  1)  The  night  airglow  recorded  in  180  seconds.  2) 
The  plume  spectrum  from  STS-41  summed  over  the  3-second  bum.  3)  The  plume 
spectrum  from  the  similar  STS-43  experiment  using  a  higher-resolution  spectrograph  to 
confirm  the  identification  of  the  atomic  line.  Integration  regions  for  Fig.  4  are  indicated. 

Figure  4  •  Temporal  variation  of  relative  intensity  in  the  full  slit  through  the  duration  of 

the  experiment.  The  spectrum  was  integrated  over  the  two  regions  6)5-645  nm  and  66S- 
695  nm  noted  in  Figure  3.  These  were  relative  intensities  since  the  slit  is  not  filled  by 
the  emission  sources.  Thruster  direction  sequence  is  shown  at  top  of  the  plot. 

Figure  5  •  The  full-slit  spectral  samples  from  the  beginning  of  the  ram  bum  to  the  beginning  of 
tlie  wake  bum.  The  data  have  been  smoothed  to  emphasize  the  temporal  changes  in 
spectral  content  The  spectra  are  offset  vertically  and  tagged  with  their  start  integration 
time  relative  to  the  beginning  of  the  ram  bum.  Intensities  are  again  relative  since  the  slit 
filling  factor  varies  with  time. 

Figure  6  -  Spatial  and  temporal  variation  in  the  emission  from  the  665-695  nm  spectral  region. 
The  peak  intensity  reported  in  Table  1  was  derived  from  the  spectrum  starting  at  2.72  $ 
about  1  km  forward  of  the  shuttle  position. 
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Figure  7  -  Spatial  and  temporal  variation  in  the  emission  from  the  615-645  nm  spectral  region. 
The  ram-bum  peak  intensity  reported  in  Table  I  was  derived  from  the  spectrum  starting 
at  2.72  s  about  1  km  forward  of  the  shuttle. 

Figure  8  -  The  calculated  temporal  dependence  of  the  0(*D)  emission  for  the  three  bum 

orientations.  This  emission  is  integrated  spatially  over  a  region  of  about  6  x  6  km  around 
the  shuttle. 

Figure  9  -  The  relative  contributions  calculated  by  SOCRATES  of  the  collisional  and  charge- 
exchange  mechanisms  to  O  production  rate  as  a  function  of  time  for  the  ram  bum. 
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Schematic  representation  -  Cloud 
shape  is  approximate  and  is  for  a 
nominal  altitude  of  **  300  km. 
Shuttle  and  slit  are  exaggerated  in 
size. 
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A  Study  of  the  NH  Interaction 


COMMENTS  ON  THE  UKELY  MECHANISMS  INVOLVED  IN  SHUTTLE-GLOW 


JOSEPH  W.  CHAMBERLAIN 
MAYS.  1990 

TYPES  of  GLOW.  For  any  particular  configuration  of  spacecraft  and 
environment,  there  may  well  be  more  than  one  physical  mechanism  acting  at  one 
time.  In  addition,  there  are  glows  associated  with  space  vehicles  in  distinctly 
different  configurations.  They  include  (1)  ram  surface  glow;  (2)  thruster  (gas-phase) 
glow,  foibwing  thruster  firings;  and  (3)  "cloud  (gas  phase)  glow",  observed  when 
looking  away  from  the  surface  (without  any  thruster  activity). 

METHODS  of  OBSERVATION.  Some  early  obsen/atlons  were  made  by 
ground-based  telescopic  equipment  at  Maui  by  V\Atteborn  et  at  (1974),  and  they 
showed  an  infrared  continuum  glow  that  seemed  to  extend  tens  of  meters  from  the 
Shuttle.  The  reported  Intensity  seems  much  too  bright  in  view  of  more  recent 
Shuttle  measurements.  Shuttle  observations,  made  with  orbiter  television  cameras 
and  still-camera  pictures,  have  consistently  shown  a  glow  on  the  aft  Shuttle 
surfaces  facing  into  the  velocitv  vector,  as  had  previously  been  seen  on  AE 
satellites.  Yee  and  Dalgarno  (1986)  derived  intensities  from  8T$-3  of  abou^  30  kR, 
and  the  glow  decreased  away  from  the  surface  with  a  t/e  scs^e  length  of  20  cm; 
from  this,  they  inferred  a  radiative  lifetime  for  the  emitting  molecules  of  0.67  msec. 

SPECTRUM  1:  RED  CONTINUUM.  Extensive  observations  of  Shuttle^ 
related  glow  have  been  made  by  Mende  ef  a/  (1984.  1985.  1985.  1987.  for 
example).  Some  spectra  with  low  spectral  resolution  showed  a  red.  structureless 
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glow  extending  away  from  the  vertical  stabilizer.  There  may  have  been  problems 
here  with  scattered  airglow  emission  lines.  The  optical  detection  equipment  was 
significantly  upgraded  for  observations  on  STS-41D.  With  spectral  resolution  of 
34A.  the  continuous  spectrum  peaked  at  6800A.  and  no  spectral  features  were 
apparent. 

The  picture  that  emerges  is  one  of  NO2  re-association  spectrum  in  the  red. 
produced  when  a  mono-molecular  layer  of  NO  sticks  to  the  surface  and  forms  NO2 
with  ramming  atmospheric  0.  Presumably,  the  excess  energy  available  breaks  the 
bond  of  NO2  with  the  surface,  accounting  for  the  stand-off  glow  above  the  Shuttle 
surface. 

SPECTRUM  2:  THE  iSO/CLOUO  GLOW.  A  confused  array  of  spectra  was 
obtained  with  an  "Imaging  Spectrometric  Observatory"  aboard  STS-9/SPACELAB, 
and  analyzed  by  Torr  and  Torr  (1985).  The  spectral  resolution  was  moderately  high 
(3  -  6  A),  with  spectral  ranges  In  the  visual,  near-UV,  and  far-UV,  The  importance  of 
contamination  is  illustrated  by  the  presence  of  various  airglow  and  auroral 
emissicms,  but  in  addition  the  N2  LBH  band  system  (not  a  component  of  the 
natural  atmosphedc  radiation)  was  found.  The  absence  of  any  imaging  data  makes 
it  impossible  to  ascertain  the  emission  source:  possibly  it's  the  surface  of  the 
Instrument  baffles,  but  it  is  more  likely  the  Shuttle-induced  contaminant  cloud, 
rather  than  a  surface.  The  ISO  also  obsenred  a  glow  in  the  wake  of  the  Shuttle, 
again  in  contrast  to  a  surface  glow. 

SPECTRUM  3:  THRUSTER  GLOW.  When  the  thrusters  are  fired  there 
appears  an  enhancement  of  the  surface  glow,  iollowed  by  the  creation  of  a  glowir^ 
region  apparently  not  associated  with  surface  processes,  which  decays  in  tens  of 
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seconds.  Green  ef  al  (1985,  1986)  suggest  that  the  thrusters  emit  some  10®  R 
from  unburned  fuel  combining  with  ambient  oxygen.  Aiternatively,  oxygen  may 
become  adsorbed  on  the  surface,  creating  a  surface  emission.  Mende  and 
Swenson  (1985)  found  that  Thruster  glow  decays  5  times  more  slowly  on  STS-8  at 
220  km  than  did  the  glow  studied  by  Green  et  al  on  STS-3  at  240  km.  With  4  A 
resolution,  Kendall  et  al  (1985, 1986)  found  the  Thruster  glow  to  be  a  continuum  in 
the  red,  6275  -  6307A.  and  that  the  glow  decayed  slower  on  the  surface  than  in  the 
region  over  the  surface.  The  latter  effect  suggests  two  distinct  components. 

MECHANISP*S  of  EXCITATION.  Green  (1984)  and  Green  and  Murad 
(1986)  have  summarized  the  various  sources  that  have  been  proposed  for  the 
vehicle  glows,  and  Garrett  et  al  (1988)  have  prepared  a  detailed  review  of  the 
situation,  which  we  will  now  both  summarize  and  extend. 

1.  Simple  Reactions  That  Produce  Excited  Neutrals  (Slanger  1983,  1986]. 
Energetic  neutral  air  molecules  (N2.O)  collide  with  the  vehicle  environment 
(consisting  of  local  contaminants  H2O.  H2.  CO.  CO2;  reflected  ambient  air;  and 
thruster  products,  methyhydrazlne  CH3N2H3  and  N2O4,  and  react  at  the  vehicle 
surface.  Possible  reactants  are  vibraUonaily  excited  diatomic  molecules  such  as 
NO.  CO,  and  OH.  which  can  radiate  In  the  infrared,  giving  emission  of  the  order  of 
10®  R.  The  observed  levels  of  contaminants  may  not  be  sufficient  for  the 
production  of  visual  radiation  by  this  mechanism.  However,  Green  et  al  (1986) 
have  examined  Uie  production  of  high  vibrational  overtones  In  NO  (to  v*  »  19). 
which  would  produce  radiation  in  the  red  and  green. 

2.  Surface-Induced  Decomposition  of  Molecules  PoUowed  by  Association  into 
Excited  Electronic  and  Vibrational  States  [Green  1984.  Green  et  al  1985].  This 
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mechanism  Is  a  variation  on  #  1 ; 

N2  dissociates  on  impact  with  the  Shuttle  surface;  the  N  atoms  then  re¬ 
associate  into  high  vibrationai  levels  in  the  metastable  A  state  (upper  state  of  the 
Vegard-Kaplan,  A  -->  X  bands);  then  the  electronic  states  cascade  via  A  (high  v’)  - 
->  B  (v")  [a  “reverse  First  Positive"  transition]  and  then  B  ->  A  (ordinary  First 
Positive)  producing  a  variety  of  N2  bands.  Alas,  there  are  some  problems  in 
matching  the  spectra  from  this  mechanism  with  those  observed  as  Shuttle-glow. 

3.  Plasma  Excitation.  Neutral  atoms  and  molecules  that  impact  a  satellite 
surface  have  nearly  the  energy  required  to  be  collisionally  ionized.  In  addition,  with 
ions  restrained  by  the  Earth’s  magnetic  field,  the  relative  motions  may  reach  the 
Alfven  critical  ionization  level  and  contribute  to  the  ionization.  Papadopoulos  (1984) 
has  advocated  the  beam  plasma  discharge  for  generating  a  glow;  it  involves  two- 
stream  instability  between  incoming  ram  and  reflected  ions.  This  instability 
generates  electrostatic  waves  that  heat  the  ambient  electrons,  producing  a  variety 
of  N2  and  N2'^  band  systems.  The  critical  ionization  velocity  (CIV)  or  Alfven 
mechanism  has  been  advocated  by  Murad  and  associates.  Kofsky  (1984)  has 
developed  several  phenomenological  criticisms  (especially  dealing  with  the 
spectrum  and  geometrical  distribution  of  the  glow)  against  the  discharge  model. 
Although  the  association  of  enhanced  ionization  with  visible  glow  suggested  a 
causal  link  more  recent  work  by  Lai  et  al  (1988)  and  Lai  and  Murad  (1989)  have 
indicated  th  relationship  between  the  two  phenomena  is  circumstantial,  not 
causal,  and  that  the  CIV  mechanism  may  arise  from  Shuttle  exhaust. 

4.  Adsorption  of  0  and  O2  on  Surfaces.  Prince  (1985)  has  proposed  a 
surface  chemiluminscence  model  with  an  additional  mechanism  (transfer  of  an 
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electron  from  the  Fermi  level  of  the  surface  to  the  adsorbed,  ambient  species) 
contributing  to  the  continuum  emission.  The  mechanism  is  then  a  surface-aided 
chemiluminescence  reaction  with  adsorbates,  and  it  is  probably  sensitive  to  the 
surface  material. 

5.  NO2  Association  Continuum.  The  association  occurs  between  ambient  0 
and  NO,  the  latter  occurring  on  the  Shuttle  surface  from  adsorption  of  ambient  NO, 
by  surface  reactions  of  N  and  0,  by  0  reaction  with  Shuttle  surface  materials,  or 
from  thruster  exhausts  containing  CH3N2H3  (mono-methylhydrazine),  which  is  a 
hypergolic  fuel  when  mixed  with  N2O4. 

6.  Surface  Bulk  Reactions:  Material  Loss  or  Composition  Change.  Along  with 
Shuttle  glow,  the  early  missions  also  revealed  oxygen  erosion  of  satellite  surfaces. 
The  topic  is  reviewed  by  Leger  and  Visentine  (1986),  who  establish  that  oxygen 
can  remove  as  much  as  0.001  cm  of  material  during  a  typical  Shuttle  mission.  The 
process  Is  very  dependent  on  the  specific  materials.  Green  and  Murad  (1986) 
reported  that  NO,  CO.  SiO,  and  CN  could  be  released  with  sufficient  excitation  to 
emit. 

RECENT  ADVANCES  In  UNDERSTANDING  SHUTTLE-GLOW.  Conway 
etal  (1987)  have  established  that  the  LBH  bands  of  N2.  previously  interpreted  as 
airgtow,  is  excited  by  the  Interaction  of  the  vehicle  with  the  ambient  atmosphere. 
They  found  that  the  vibrational  distribution  Is  sharply  peaked  at  v*  »  0.  The  altitude 
variation  of  the  emission  suggested  to  these  authors  a  three-stage  process  in 
which  N2  is  first  adsorbed,  then  collisionally  excited,  and  finally  desorbed  by 
ambient  N2  collisions.  However,  reaction  rates  that  seem  physically  reasonable 
failed  to  account  quantitatively  for  the  observed  intensities. 
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This  work  has  been  followed  by  the  proposal  by  Kofsky  (1988)  and  by 
Swenson  and  Meyerott  (1988)  that  the  emission  results  from  the  surface 
association  of  N  +  N.  Further  analysis  of  this  mechanism  has  been  carried  out  by 
Meyerott  and  Swenson  (1990),  who  note  that  N  in  the  ground  term  (^S)  can 
populate  the  upper  state  of  the  LBH  bands  either  (a)  directly  or  (b)  by  cascade 
from  higher  excited  states  of  N2.  Gas  phase  association  would  populate  up  to 
about  v’  =  4  -  6.  although  surface  interactions  with  the  spacecraft  will  lower  the 
vibrational  population.  The  Meyerott-Swenson  paper  explores  the  (b)  mechanism 
(i.e.,  cascading),  particularly  from  the  c’4  state,  which  could  be  populated  with  the 
translational  energy  of  ramming  N  on  surface  bound  N  in  association.  The 
cascade  mechanism  would  populate  the  a  state,  v’'-  0  - 1,  directly.  Their  cascade 
mechanism  predicts  additional  emissions  around  3000A  (Gaydon-Herman  band 
system)  and  around  958A  from  the  surface  association.  The  latter  can  resonantly 
scatter  in  the  spacecraft  cloud  and  in  atmospheric  N2.  resulting  in  extended 
spacecraft  glows  in  low  Earth  orbit.  Thus,  we  have  specific,  detailed  predictions  to 
compare  with  observations  as  yet  unmade. 
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Application  of  the  Intensified  CCD  to  Airglow  and  Auroral  Measurements 


a  reprint  from  Applied  Optics 


Application  of  the  Intensified  CCD  to  airglow  and 
auroral  measurements 


A.  L  Broadfoot  and  B.  R.  Sandel 


New  detector  technology  exemplified  by  advanced  CCD  and  intensified  CCD  (ICCD;  systems  have 
important  advantages  for  both  spectrographic  and  imaging  research.  However,  to  realize  the  full  potential 
of  this  new  technology,  we  must  consider  the  detector  and  the  optical  system  as  a  whole.  It  is  frequently 
not  enough  to  simply  substitute  an  ICCD  for  an  earlier  detector;  rather,  to  achieve  optimum  results,  the 
optics  must  be  adapted  to  the  specific  detector.  Properly  designed  airglow  spectrographs  based  on  the 
ICCD  detector  ofl'er  the  advanta^  of  hi^  throughput  over  a  broad  spectral  range,  precise  wavelength 
stability,  low  noise,  and  compactness.  Imagers  having  the  wide  field  and  the  high  sensitivity  needed  foi 
airglow  research  are  practical  as  well. 


I.  Introduction 

Quantitative  auroral  and  airglow  spectral  measure¬ 
ments  were  first  made  by  photographic  emulsions  in 
spectrographs  and  cameras.  These  emulsions  re¬ 
corded  a  great  deal  of  information,  both  spectral  and 
spatial,  but  had  several  important  limitations.  Photo¬ 
graphic  plates  were  slow,  had  a  limited  spectral  range, 
and  were  difficult  to  interpret  quantitatively.  Early 
electronic  detection  systems,  such  as  the  vidicon  and 
image  orthicon  developed  for  the  television  industry,* 
did  not  provide  a  quantitative  alternative.  The  devel¬ 
opment  of  the  photomultiplier^  was  an  important 
milestone. 

The  photomultiplier  had  sensitivity  to  single  photo¬ 
events  and  the  capability  for  high  time  resolution. 
Although  the  photomultiplier  was  approximately  2 
orders  of  ma^itude  more  sensitive  than  the  photo¬ 
graphic  emulsions,  in  a  spectrograph  it  was  limited  to 
monochromatic  samples.  New  optical  designs  were 
optimized  for  photomultipliers.  By  the  early  19€0’s 
emphasis  had  shifted  to  monochromators  (spirome¬ 
ters),  but  the  photographic  spectrograph  was  still 
quite  competitive  when  large  spectral  ranges  and 
spatial  resolution  were  required.  Photometers  with 
interference  filters  were  useful  as  high-throughput 
monitors  of  a  particular  wavelength. 
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The  most  recent  detector  development  has  been  in 
the  family  of  solid-state  arrays,  including  CCD’s, 
charge-injection  devices,  Reticon  photodiode  arrays, 
and  others.^-^  Although  these  devices  have  been  avail¬ 
able  for  approximately  two  decades,  their  application 
has  been  slow  even  though  they  have  represented  a 
msijor  advancement  in  capability.  We  have  been  using 
the  ICCD  in  our  observational  programs.  ICCD’s  can 
be  compared  with  the  detectors  mentioned  above  by 
noting  that  the  ICCD's  have  the  same  sensitivity  to 
photons  as  do  photomultipliers  as  well  as  the  advan¬ 
tage  of  spatial  resolution.  With  the  ICCD  instead  of 
the  photographic  plate  in  a  spectrograph,  the  spectro¬ 
graph  has  single  photoelectron  counting  capability, 
an  improvement  of  approximately  2  orders  of  magni¬ 
tude  in  sensitivity  over  the  phot<^phic  plate.  How¬ 
ever,  the  full  potential  of  this  improvement  cannot  be 
realized  by  simply  substituting  the  ICCD  for  the 
photographic  plate;  rather,  the  optics  must  be  rede¬ 
signed  and  adapted  to  the  requirements  of  the  new 
detector. 

In  this  sense,  the  development  of  detector  systems 
and  scientifically  useful  applications  are  two  different 
concepts.  Several  good  review  i^apers  expound  the 
details  of  the  dot^tors  that  are  under  develop¬ 
ment.^-^-**  These  descriptions  do  not  deal  with  many  of 
the  practical  aspects  of  application  except  in  a  futuris¬ 
tic  way.  Application,  as  discussed  in  this  paper,  means 
the  use  of  available  technolo^  to  make  scientifically 
useful  measurements.  The  distinction  between  appli¬ 
cation  and  development  is  important  in  the  following 
discussions  because  the  promises  of  detector  develop¬ 
ment  in  the  past  10  years  are  familiar,  whereas 
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practical  applications  are  specialized.  Few  detectors 
qualify  as  candidates  for  use  in  general-purpose  instru¬ 
mentation. 

The  astronomy  community  has  taken  a  leading  role 
in  the  application  of  CCD’s  to  scientific  measurement 
over  the  past  15  years.  The  capabilities  and  shortcom¬ 
ings  of  the  CCD  are  well  understood.  In  the  use  of 
intensified  array  detectors,  astronomers  again  tried 
several  techniques  but  improvements  in  the  bare 
CCD  progressed  quickly  enough  to  satisfy  their  re¬ 
quirements.  The  Voyager  UV  spectrograph  launched 
in  1977  used  an  intensified  linear  array.’  It  has 
undoubtedly  the  largest  database  from  which  to 
study  the  application  of  array  detectors  that  can 
record  single  photoevents. 

The  development  research  and  application  of  CCD’s 
over  the  past  decade  have  resulted  in  understanding 
and  confidence  in  the  device.  This  is  a  result  of  both 
industrial  and  scientific  interest  in  the  CCD.  Another 
device,  the  proximity  focused  image  intensifier,  that 
uses  microchannel  plates  and  a  phosphor  screen  on  a 
fiber-optic  output  faceplate,  has  become  readily  avail¬ 
able  and  can  replace  the  photomultiplier  in  many 
cases.  This  is  also  a  proven  product  resulting  from 
military  interest.  Other  detectors  under  development 
with  various  readout  techniques  do  not  fit  into  the 
category  of  proven  and  available.  They  fit  into  a  class 
of  special  application  and  in  our  opinion  cannot  be 
viewed  as  competing  devices  for  general  use  in  air- 
glow  and  auroral  measurements. 

The  ICCD  is  formed  by  fiber  optically  coupling  the 
output  of  the  proximity  focused  image  intensifier  to 
the  CCD  to  take  advantage  of  the  best  attributes  of 
both  devices.  The  task  is  then  a  matter  of  engineering 
and  verification  rather  than  of  detector  development. 
Here  we  discuss  the  use  of  ICCD's  in  two  types  of 
instrument  that  are  suited  for  measurements  of 
extended  sources,  such  as  airglow  and  aurora,  namely, 
spectrographs  and  imagers,  with  mqjor  emphasis  on 
the  former.  We  compare  their  performances  with 
alternative  detectors  and  discuss  factors  that  must  be 
considered  in  optimizing  an  observing  program  based 
on  them.  Among  these  are  noise  characteristics  and 
suitable  optical  designs.  In  contrast  to  the  develop¬ 
ment  of  specialized  sensors  needed  for  some  particu¬ 
lar  applications,  we  emphasize  the  idea  of  using 
standard  CCD's  and  image  intensifiers  available  in 
standard  product  lines.  We  find  that  these  are  suit¬ 
able  for  a  large  class  of  measurement  that  is  of 
interest  for  studies  of  aurora  and  airglow. 


II.  Q«nsral(kmsid«rallonslritlwA|ipticatlonotCCO’a 
andlCCO'a 

The  bare  (unintensified)  CCD  has  been  used  exten¬ 
sively  in  astronomy.  The  attributes  of  the  device  that 
have  been  the  most  important  are  the  linear  response 
over  several  decades  of  dynamic  range  and  the  ability 
to  integrate  for  lung  periods  of  time,  hours  ut  liquid 
nitrogen  temperatures.  The  first  is  important  be¬ 
cause  the  data  are  in  a  digital  format  easily  manipu¬ 
lated  by  computers.  The  second  allowed  the  into- 
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grated  signal  from  weak  sources  to  exceed  the 
threshold  of  sensitivity.  The  threshold  was  fairly  high 
in  the  early  days.  The  Voyager  UV  spectrograph 
detector’  had  a  read  noise  of  10'  electrons  chosen  as 
an  easily  attainable  design  criterion,  although  a  level 
10  times  better  could  be  reached  with  special  effort. 
Modern  CCD  systems  exhibit  read  noise  in  the  several- 
electron  range,  approaching  the  ideal  detector.  How¬ 
ever,  they  have  other  problems  consistent  with  high- 
sensitivity  systems. 

The  intensified  CCD  has  all  the  attributes  of  photo¬ 
electron  counting  that  are  offered  by  the  photomulti¬ 
plier,  including  access  to  the  whole  photoelectric 
spectral  range  from  20  to  1200  nm  but  has  been  slow 
to  be  accepted  as  a  viable  detector  system.  We  pro¬ 
posed  the  fiber-optic  coupling  of  a  proximity  focused 
imaged  intensifier  to  a  Reticon  photodiode  array  for 
the  Voyager  spectrograph  in  1971  following  the  re¬ 
search  of  Riegler  and  More.®  The  first  ambitious 
application  of  the  ICCD®  was  initiated  in  1976  by 
these  authors  in  the  Imaging  Spectrometric  Observa¬ 
tory  (ISO)  proposed  for  Spacelab  I."’  Except  for 
advancements  in  electronics,  little  has  changed  in  our 
understanding  of  the  ICCD  as  a  detector  system.  It  is 
not  ideal,  but  it  is  readily  available,  has  been  used  in 
several  flight  instruments,  including  the  UV  imagers 
aboard  the  Viking  Earth  Satellite,"  '®  and  is  flexible  in 
configuration. 

The  CCD  and  the  ICCD  differ  considerably  in  use. 
A  primary  consideration  in  selecting  between  them  is 
their  thresholds  of  detection  for  a  given  integration 
time.  For  simplicity,  we  assume  in  the  following 
discussion  that  the  CCD  and  the  ICCD  have  identical 
quantum  efficiencies,  thereby  generating  photoelec¬ 
tron  events  at  equal  rates.  The  CCD  is  basically  an 
analog  detector,  but  its  sensitivity  is  high  enough  that 
it  is  evaluated  by  single-photon  (electron)  statistics. 
The  read  noise  is  typically  10-60  e'  (electron-hole 
pairs)  rms,  and,  in  special  cases,  it  has  been  reported 
to  be  <  10  0  rms.  The  signal-to-noise  ratio  (S/N)  p 
for  a  read  of  a  single  pixel  may  be  written  as 


where  S  is  the  number  of  electron-hole  pairs  gener¬ 
ated  by  the  signal,  D  is  the  number  resulting  firom 
thermal  dark  rate,  and  N  represents  the  contribution 
from  the  read  noise  of  the  electronics.  We  take  Af  to  be 
the  square  of  the  rms  read  noise.  Figure  1  shows  the 
curves  of  p  for  a  range  of  values  of  S. 

The  intrinsic  dark  count  rate  of  the  photon  count¬ 
ing  ICCD  is  very  small  on  a  per-pixel  basis.  For 
example,  the  dark  count  rate  of  a  cooled  S-20 
photoculhode  of  diameter  26  mm  is  typically  10 
events/s.  Scaled  to  the  5  x  10'*  mm®  area  of  the  pixel, 
this  «x)rro8ponds  to  - 10  *  events  pbtel  ‘  s  '.  Cath¬ 
odes  with  reduced  red  resimnse  (higher  work  Amc- 
tion)  are  Um.s  noisy.  The  ICCD  curve,  in  the  interest¬ 
ing  range  of  the  CCD  curve,  is  a  straight  line.  In  Fig. 
I,  the  ICCD  curve  was  drawn  through  a  S/N  of  10  and 
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Fig  1.  Signal-to^noiBe  ratio  p  for  CCD  and  ICCD  detectors  com¬ 
puted  by  using  £q.  ll).  The  straight  line  represents  the  ICCD  for 
which  N  is  effectively  zero  because  of  the  photoelectron  counting 
capability  of  the  ICCD.  The  curves  represent  CCD  systems  having 
readout  noise  of  10  and  50  electrons. 


100  then  extrapolated  through  1  without  regard  for 
the  statistical  implications  since  individual  photo¬ 
events  can  be  detected  by  the  ICCD. 

It  18  interesting  to  consider  the  meaning  of  the 
threshold  of  detection  for  each  detector  system.  The 
photoevent  counting  intensiflers  are  the  most  straight¬ 
forward.  The  noise  is  dominated  by  the  shot  noise  in 
the  signal.  Long  integrations  give  the  same  results  as 
the  summation  of  multiple  short  samples  represent¬ 
ing  the  same  total  integration  time.  On  the  other 
hand,  the  read  noise  and  the  other  effects  in  the 
operation  of  the  CCD  limit  the  threshold  sensitivity. 
With  the  CCD,  the  most  effective  way  to  increase  p  is 
to  increase  the  integration  time — astronomers  use 
hours.  If  adjustment  of  the  integration  time  is  not 
acceptable,  two  other  approaches  can  improve  the 
statistical  performance  modestly.  They  are  referred 
to  as  on-chip  summation  and  off-chip  summation. 

For  photon  counting  detectors,  both  techniques 
(on-chip  and  off-chip  summation)  result  in  improved 
statistics.  The  photoevents  appear  os  a  burst  of  up  to 
10^  e'  in  the  CCD.  This  charge  overwhelms  the  lower 
level  of  noise  associated  with  normal  CCD  readout. 
Event  counting  statistics  will  prevail  (Pig.  1).  This  is 
not  the  case  for  the  bare  CCD. 

On-chip  summation  sacrifices  spatial  resolution  to 
minimize  the  number  of  read  operations  required  to 
measure  the  charge  on  the  chip.  The  technique  is  to 
move  the  charge  in  several  adjacent  pixels  into  the 
output  junction,  then  sample  and  digitize  the  accumu¬ 
late  charge  with  a  single  read.  Although  this  im¬ 
proves  the  signal-to-noise  ratio  over  the  siinsitive 
area,  the  question  of  interest  here  is  the  effect  on  the 
threshold  of  detection.  For  example,  if  10  pixels,  each 
having  a  signal  charge  of  60  e  ,  are  summed  on  chip, 
the  resulting  signal-to-noise  ratio  should  ho  tO.  If 
each  pixel  had  an  average  of  only  6  e  and  was  shiffed 
into  the  output  junction,  would  the  result  be  a 
signal-to-noise  ratio  of  unity?  There  is  the  question  of 
efikieuqy  in  handling  a  5-electron  charge.  We  do  not 


know  of  research  that  deals  specifically  with  the  effect 
of  moving  small  numbers  of  charges.  In  any  case, 
there  are  other  noise  contributions  that  become 
significant  at  this  level  of  on-chip  summation. Any 
leakage  charge  on  the  pixels  would  be  summed  into 
the  output  gate  as  well  as  the  signal  charge.  It  appears 
that  there  would  be  difficulties  in  pushing  the  thresh¬ 
old  down  far  with  the  on-chip  summation  technique. 

Off-chip  summation  also  has  limitations  when  the 
signal  is  dose  to  threshold.  First,  the  S/N  improve¬ 
ment  follows  the  square-root  lav*  in  this  case.  Al¬ 
though  areas  that  have  identifiable  intensity  struc¬ 
ture  will  improve  in  S/N,  it  is  unlikely  that  the 
summation  of  samples  with  a  S/N  of  unity  or  less  will 
result  in  a  recognizable  improvement  in  the  threshold 
of  detection.  The  effect  of  reducing  the  read  noise  to 
10  e  is  shown  in  Fig.  1,  but  the  considerations  above 
aro  still  valid  in  evaluating  the  threshold  of  detection 
atthelO-e  level. 

We  argue  that  the  two  devices,  the  CCD  and  tht 
ICCD.  can  be  separated  in  their  application  by  their 
threshold  of  detection.  For  continued  discussion  we 
assume  that  the  CCD  has  a  threshold  of  detection  of 
approximately  60  photoevents  for  comparative  pur¬ 
poses.  Also,  we  assume  that  each  pixel  of  an  ICCD  can 
be  considered  as  a  photon  counting  device  that  pre¬ 
serves  the  Poisson  statistics  of  the  arriving  photons. 

The  dynamic  range  of  the  detector  is  generally  not  a 
limitation  for  either  CCD  approach.  The  limitation  in 
dynamic  range  in  many  cases  is  caui  fd  by  internal 
scattering  in  the  optical  system  and  not  the  detector. 
Hie  bare  CCD  has  a  linear  response  fVom  its  thresh¬ 
old  to  pixel  saturation.  Depending  on  the  threshold 
and  the  full-well  charge  capacity  of  the  pixel,  the 
dynamic  range  can  be  greater  than  10\  Saturation  of 
some  pixels  does  not  affect  the  rest  of  the  pixels 
significantly.  This  dynamic  range  is  sufficient  for 
most  applications,  and  it  can  be  extended  by  exposure 
control. 

The  ICCD  (iynamic  range  is  not  restricted  by  the 
detector  either.  It  is  defined  by  a  companion  digital 
memory  and  the  dark  count  rate  rather  than  by  the 
fitll-well  capacity.  At  maximum  gain,  the  intensifier 
generates  approximately  500  e  /photoevent  in  a  CCD 
pixel.  This  implies  a  dynamic  range  of  SOU  events  for  a 
fiitl-wcll  capacity  of  2.5  x  10^' ,  but  the  CCD  cun  be 
read  out  often  and  the  events  aa'umulated  in  a 
companion  tneniory.  High  signal  levels  can  also  be 
handled  by  reducing  the  gain  of  the  intensifier.  The 
good  statistical  accuracy  implied  by  the  high  photo- 
event  rate  is  maintained  by  integrating  the  sij^l  on 
the  CCD;  the  only  statistical  penalty  ts  a  factor  of  2' 
intrtiduced  in  the  transit  on  fVom  pulse  counting  to 
pulse  integration.  The  Voyager  UV  detector  can 
inUigrate  the  signal  on  the  amxfe  array  when  the 
microchannel  plate  MCI’  is  oiwrutcd  at  tow  gain.  The 
result  is  a  markedly  extended  dynumic  range.  When 
the  Voyager  UV  8p(ectrograph  observes  the  sun.  it 
measures  photoevent  rates  up  to  S  x  10*  photoeventa 
8  '  pbtel  '.  At  full  gain,  photoevent  rates  of  5  x 
10 ’s  '  pixel  *  (UV  routinely  recnrdtxl  at  our  thresh- 
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old  of  detection.  The  full  dynamic  range  is  therefore 
approximately  10’.  The  threshold  of  detection  for  the 
Voyager  UV  spectrograph  detector  is  similar  to  that 
of  the  ICCD  detector  system,  10  ’  events/s.  This 
threshold  is  higher  for  the  photocathodes  that  gener¬ 
ate  appreciable  dark  noise. 

The  ability  to  deal  with  high  signal  rates  is  not 
usually  the  concern  in  typical  scientific  applications. 
Rather,  the  limiting  factor  is  usually  the  ability  to 
deal  with  weak  signals.  Scientific  observations  are 
most  often  driven  to  the  statistical  limit  to  improve 
temporal,  spatial,  or  spectral  resolution. 

For  many  investigations,  the  possibility  of  choosing 
the  photocathode  of  the  ICCD  to  reject  unwanted 
long-wavelength  emissions  gives  it  an  important  ad¬ 
vantage  over  the  bare  CCD.  For  example,  many 
diagnostic  emissions  fall  in  the  far  UV.  With  a  bare 
CCD,  scattering  from  near  UV  and  visible  wave¬ 
lengths,  where  the  solar  flux  is  orders  of  magnitude 
higher  than  in  the  far  UV,  can  compromise  measure¬ 
ments  of  the  features  of  interest.  A  solar-blind  photo¬ 
cathode  in  an  ICCD  is  a  convenient  solution.  We  do 
not  treat  this  advantage  quantitatively  because  it 
depends  on  the  specific  application,  but  it  is  poten¬ 
tially  a  crucial  point. 

III.  Application  of  Anay  Datactora  to  tha  Spactrograph 

In  the  following  discussions  we  concentrate  on  the 
use  of  the  ICCD  for  aeronomical  measurements, 
comparing  it  with  other  detectors  that  have  been  used 
for  that  purpose.  We  also  consider  the  bare  CCD,  but 
the  need  for  short  integration  times  in  most  aeronom¬ 
ical  observations  leaves  the  bare  CCD  a  poor  con¬ 
tender. 

There  are  five  important  differences  between  the 
ICCD  spectrograph  and  the  photomultiplier  mono¬ 
chromator  that  we  discuss  in  the  following  sections; 
(1)  optical  design  criteria  are  dificront;  (2)  optical 
throughput  or  speed  of  the  spectrograph  for  obtain¬ 
ing  a  complete  spectrum  is  improved  by  approxi¬ 
mately  2  ordens  of  magnitude  because  of  the  multiplex¬ 
ing  nature  of  the  detector;  (3)  instrument  size  can  be 
decreased  by  a  factor  of  10  in  focd  length  or  10^  in 
volume  in  many  applications;  (4)  effective  dark  count 
rate  per  pixel  is  reduced  by  at  least  2  orders  of  magni¬ 
tude;  and  (6)  quality  of  the  data  is  improved  remark¬ 
ably  because  the  specirofp'aph  need  have  no  moving 
parts.  The  specific  application  will  determine  the  de¬ 
gree  to  which  these  improvements  can  he  achieved, 
but,  in  general,  the  advantages  are  almost  revolutlon- 
aty. 

A.  Optical  Designs  and  the  tCCO  Detector  System 
In  Section  I,  we  noted  that  the  development  of  the 
photomultiplier  resulted  in  .a  change  in  the  optical 
design  of  spcctrographic  instruments  to  take  advan¬ 
tage  of  the  photomultiplier.  The  array  detector  also 
requires  special  optical  designs.  There  wilt  bo  a  return 
to  the  specirogr^hic  configuration  but  with  some 
new  constraints. 

Spatial  and  spectral  information  con  be  obtained 
fi*om  tho  spectrograph,  but  this  requires  a  good 

3100  APPUEO  OPTICS  /  Vol.  31.  No.  16  /  1  June  1992 


quality  image  of  the  entrance  slit  in  the  image  plane 
of  the  camera  system.  (Typically,  there  are  three 
imaging  optical  elements  defining  a  spectrograph: 
the  collimator,  the  dispersing  element,  and  the  cam¬ 
era.)  The  optics  for  a  monochromator  need  image 
only  the  width  of  the  entrance  slit  on  the  exit  slit  for 
good  performance;  a  one-dimensional  or  astigmatic 
image  will  suffice.  Pastie'^  was  quick  to  rediscover  the 
Ebert  monochromator,  which  had  not  seen  much  use 
since  its  original  description,’'’  presumably  because 
the  severe  astigmation  in  the  system  was  unsatisfac¬ 
tory  for  a  spectrograph.  Fastie  pointed  out  that  a 
similar  optical  system  could  cancel  spherical  aberra¬ 
tion  and  greatly  reduce  coma  by  the  use  of  complemen¬ 
tary  spherical  surfaces  for  the  collimator  and  camera 
optics  and  of  a  special  curved  slit  geometry.  The 
reflecting  optics  have  no  chromatic  aberration.  The 
result  was  a  high-throughput  high-resolution  mono¬ 
chromator,  the  Ebert-Fastie  (E-F).  However,  the 
curved  slit  and  astigmatic  optics  are  inappropriate  for 
the  rectangular  format  of  the  CCD.  Although  the  E-F 
optical  system  is  fast,  recording  the  full  spectrum  in  a 
single  exposure  on  the  ICCD  has  an  advantage  of 
approximately  2  orders  of  magnitude  over  the  E-F 
monochromator.  This  is  best  illustrated  by  a  direct 
comparison  of  the  E-F  monochromator  and  a  compa¬ 
rable  ICCD  spectrograph. 

The  performance  of  a  monochromator  or  spectro¬ 
graph  viewing  an  extended  source  can  be  estimated  by 
using  the  photometric  equation 


whore  P  is  the  photoevent  rate  in  events  s  ’  pixel' fi,  is 
the  brightness  of  the  source  in  photons  s  ‘  cm'*  s' 
is  the  area  of  the  detector,  cos  4>  ie  the  effective  area 

of  the  grating  of  area  operating  at  an  angle  6,  F  is 
tho  focal  length  of  the  camera  lens,  t  is  the  optical 
transmission,  is  the  efficiemy  of  the  dispersing  ele¬ 
ment,  and  c  is  the  quantum  efficiency  of  the  detector. 

The  following  discussions  can  be  simplified  by  some 
substitutions  into  Eq.  (2).  The  area  of  the  detector 
can  be  replaced  by  the  effective  dimension  of  the  exit 
slit,  L,  the  length  of  the  silt,  and,  W,  the  width.  The 
grating  area  divided  by  the  focal  length  squared  is  a 
solid  angle  and  can  be  replaced  by  the  reciprocal 
/•ratio  of  the  camera  optics  squared, 

,-1 

y*”"  "  4/' 

Thu  modified  photometric  equation  is 

/» «  fl,  j  ^  t«j».  (3) 

For  this  comparative  study,  we  assume  that  the 
transmis.sion  of  the  optical  system  t,  the  grating  or 
dispersive  efficiency  q,  and  the  quantum  efficiency  t 
are  equal  in  the  two  systems.  When  the  constant 
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terms  are  collected  into  the  constant  k,  the  expression 
becomes 


and  from  system  to  system  the  throughput  E  has  the 
proportionality 


This  can  be  made  more  specific  by  comparing  the 
performance  of  an  E-F  0.125-m  monochromator  with 
that  of  a  spectrograph  having  equivalent  resolution, 
spectral  range,  and  /“-ratio  but  designed  around  the 
ICCD.  The  two  optical  systems  are  shown  in  Fig.  2. 
Table  I  lists  the  characteristics  of  the  two  design.s. 

The  two  sets  of  design  parameters  have  been 
selected  to  produce  identical  spectra.  The  focal  length 
and  /■-ratio  were  taken  from  the  E-F  design.  A 
high-dispersion  grating  maximises  the  throughput  of 
the  monochromator  and  three  grating  steps  per  slit 
width  were  used.  To  match  this  the  ICCD  system  has 
3  pixels  per  slit  width  and  a  grating  ruling  selected  for 
a  dispersion  of  3.3  A/pixel.  The  spectral  range  was 
determined  by  the  number  of  rows  in  the  ICCD  array 
so  that  each  spectrum  would  contain  576  samples. 

Because  the  /’-ratios  are  equal  in  the  two  instru- 
monts,  their  monochromatic  throughput  is  simply 
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Table  I.  Monochromator-Spectrograph  Compariaon 


l•'a^unu‘ter 

•  Cbirt-Fastic 
Mi.nochromator 

Arru> 
Deteclt.a*  i 

rogi'aph 

FochI  iF) 

125  turn 

125  mm 

/•ratio  (/’> 

5 

5 

Resolution 

10  A 

10  A 

(trail  OK 

;16()0  lines  mm 

550  lines  mm 

Slit  width  <  H'  • 

(1.45  mm 

0.060  mm 

Slit  lonjjth  «/ai 

12  mm 

8.5  mm 

Sprctrul  element 

5.5  A 'Step 

5.5  A.  pixel 

IHOO  A 

1900  A 

ICItMHonts  |H»r  spirt  rum 

575 

576 

Optical IhrouKhput  iF) 
(momH.*hrfMmuic» 

H.ii 

1 

Optical  throughput  lor 
TuH  siMrlruin 

1 

60 

'riu>.s|Mfiiii)'i'aplrhim  no  physiuil  slit.  Inil  llii-  riiiidioiiol'an 
it.xit  kIU  in  pcrCorimHi  liy  ihc  iliiwroU*  pixels orihe  ICCD. 


the  ratio  of  the  areas  of  their  slits.  The  E-F  slit  is  9.6 
times  larger  than  the  slit  in  the  ICCD  spectrograph. 
However,  to  cover  a  range  of  1900  A  at  the  .specifitni 
resolution,  we  must  step  the  E-F  grating  and  inte¬ 
grate  576  times.  Hence  we  must  consider  the  rate  at 
which  information  is  recorded,  and  we  find  that  tiu 
spectroip'apb  will  produce  60  spt'ctra.  in  the  same 
time  the  R-F  moiUK'hromator  produces  a  sifigle 
spectrum  uf  comparable  quality.  Not  otily  does  the 
spectrograph  gatlier  photons  60  times  faster  than  the 
monochromator,  hut  the  quality  of  the  data  is  im- 
IjiDVitl.  Seall  ere<l  light  in  t  he  sped  rogi'aph  is  lower  by 
the  ratio  of  the  amts  of  the  .slits,  a  factor  of  9.6.  The 
ddedor  inul  the  optical  system  of  the  spt>dntgrut.h 
have  no  moving  fMirls,  so  internal  scattering  depends 
only  on  the  input  illiimiiuititm  and  cun  he  measurtsl 
for  later  mnovid.  In  tin*  s|HH.‘lrogruph.  the  wave- 
lengtli  scale  i.s  fixed  by  the  unchanging  relationship  of 
tlm  optics  and  the  detiH.'ior.  In  ctmirast,  a  reliable 
wavelength  scale  in  a  sptidrmneler  with  a  rotating 
grating  dep**nds  on  the  predsiun  of  the  mechanism 
that  tmsitions  thegniling.  TemtHirui  variations  in  the 
source  im:  recorded  over  the  entire  .spectrum  simulta¬ 
neously  by  the  sjMjetrograph.  The  spectrograph  im- 
uge.H  tin*  entrance  slit  on  the  ddeclor.  so  iliai  the 
s|mtiu|  variations  in  the  source  will  la*  iccordinl.  All 
the  adjvanlagi*s  of  .sited rographs  with  photographic 
plates  can  bo  realked  in  the  U?l'D  spectrograph. 

Klexibitily  and  small  sj/.e  are  additional  advantages 
of  the  iCCi)  spi*ctrograph.  The  optical  dt*s>gtt  ot'lhe 
K-K  ystem  is  fixed,  and  the  ex|)orimenter  cun  usa* 
only  tile  fore  optics  u  adapt  the  instrument  Ut  the 
olt.set cation.  I'his  is  not  the  ca.s4'  with  ilte  K*(T) 
spectrograph.  The  enlin*  optical  train  is  at  the  design¬ 
er's  dispmiid.  It  is  most  im|>ortant  to  icalixe  that  the 
optical  design  of  an  Ift'D  systmu  is  conslruhuHi  by 
the  size  of  the  detitior.  ami.  lliereftm-.  high  simshI 
does  not  ntH.vs.s{inly  imply  a  targe  iiislnunem.  Tin* 
quantities  L  and  \V  atv  liie  dimensions  of  the  fiixet 
array  on  which  the  em  mic  .slit  will  U*  iinugcsi  and 
are  then'fure  cunstruinwl  by  the  deitclor  size  Tite 
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/■-ratio  refers  to  the  camera  feeding  the  detector.  The 
throughput  will  be  constant  as  long  as  the  /'-ratio 
remains  the  same  regardless  of  the  size  of  the  optics. 
In  practice,  the  size  of  the  optics  can  be  reduced  until 
the  image  quality  over  the  area  of  the  detector 
becomes  unacceptable  because  of  the  optical  aberra¬ 
tions  in  the  system.  It  is  also  noteworthy  that  the 
throughput  is  not  affected  by  the  speed  of  the  optical 
system  in  front  of  the  grating  provided  it  does  not 
vignette  the  camera  system.  The/-ratio  of  the  collima¬ 
tor  can  be  large  compared  with  that  of  the  camera.  A 
large  /"-ratio  has  the  advantage  of  better  scattered 
light  control  in  the  spectrograph.  The  /‘-’.atio  can  be 
r^uced  until  the  image  quality  al  the  edge  of  the 
array  becomes  unacceptable. 

The  example  above  can  be  extended  to  instruments 
u.sed  in  the  past.  A  variety  of  instruments  that  have 
.seen  substantial  use  over  the  last  two  decades  are 
cited  to  illustrate  the  use  of  array  detectors.  Begin¬ 
ning  with  the  basic  instrument  design,  we  adjusted 
the  parameters  of  each  instrument  to  give  the  same 
spectral  resolution  in  the  400-nm  region  of  the  spec¬ 
trum.  Then  we  evaluated  the  constant  in  Eq.  (4)  for 
wh  instrument  to  place  the  comparison  on  a  com¬ 
mon  photometric  scale.  The  characteristics  of  the 
instruments  are  gathered  in  Table  I!.  The  slit  widths 
of  the  monochromators  were  cho.sen  for  3-A  spectral 
resolution,  assuming  the  use  of  a  1200-line/nim 
grating  in  the  .second  or  the  third  order  as  indicated. 
The  spectrographs  have  their  resolutions  .set  by  the 
pixel  size  and  the  slit  width;  the  slit  width  in  the 


image  plane  was  taken  to  be  3  pixels.  In  this  case,  the 
ruling  of  the  grating  would  be  adjusted  to  give  the 
correct  linear  dispersion;  note  that  only  this  apparent 
slit  width  enters  the  calculation  of  sensitivity.  Spectro¬ 
graph  E  (see  Table  II),  an  objective  grating  spectro¬ 
graph  similar  to  the  Voyager  UV  instrument,  can  be 
included  in  the  comparison  because  the  calculation  is 
independent  of  wavelength.  At  EUV  wavelengths 
reflective  efficiencies  are  poor,  requiring  a  trade-off 
between  resolution  and  throughput.  Spectrograph  F 
refers  to  an  ICCD  spectrograph  that  we  recently  put 
into  service.  Called  the  Arizona  Imager/  Spectrograph 
(AIS),  it  was  built  for  the  U.S.  Air  Force  Geophysics 
Laboratory  and  will  be  flown  on  the  space  shuttle 
Discovery.  Details  of  the  instrument  are  given  in  a 
companion  paper."’  A  compromise  in  throughput  by  a 
factor  of  4  was  accepted  to  permit  the  spectral  range 
1 15-900  nm  to  be  recorded  simultaneously  with  4600 
spectral  elements.  The  slit  width  is  2  pixels.  Spectro¬ 
graph  G  is  the  same  as  spectrograph  F  but  designed  to 
have  full  throughput  with  a  slit  width  of  3  pixels  as  in 
the  comparison  with  the  E-F  spectrometer  above. 

Spectrograph  H  is  a  special  case.  It  is  the  same  as 
spectrograph  F  except  that  it  has  a  bare  CCD  rather 
than  an  ICCD  in  the  image  plane.  The  read  noise  of 
the  CCD  is  a  limiting  factor  as  noted  above.  Even 
though  there  are  nearly  1800  pixels  within  the  effec¬ 
tive  slit,  there  is  a  read  noise  of  50  e  associated  with 
the  rtjading  of  each  pixel.  The  sum  of  all  samples 
would  give  an  effective  read  noise  of  30  x  ^  1800  = 
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2000  e~,  requiring  a  signal  of  2000  e  ,  to  provide 
S/N  =  1.  On-chip  summation  of  18  pixels  per  read 
followed  by  off-chip  summation  would  result  in  an 
effective  noise  threshold  of  500  e  ,  the  number  used 
in  Table  11. 

The  comparative  study  is  completed  by  estimates 
for  a  photographic  spectrograph,  1.  Valiance-Jones‘" 
comments  on  high-speed  photographic  spectrographs. 
For  an  instrument  developed  by  A.  B.  Meinel  in  the 
early  1950*s  and  used  with  an  f  f0,S  Schmidt  camera, 
he  suggested  a  sensitivity  in  the  lO'-R  s  range  as  a 
reasonable  working  value  and  estimated  the  thresh¬ 
old  of  sensitivity  to  be  10^  R  s. 

The  sensitivities  in  Rayleigh  seconds  from  Table  11 
are  plotted  in  Fig.  3.  The  Rayleigh  second*'  is  the 
emission  rate  required  to  produce  a  S/N  of  unity  in 
1  s.  The  calculations  whose  results  are  shown  in 
Table  II  treat  each  instrument  as  a  monochromator 
having  one  spectral  element.  As  the  spectral  ranges 
for  monochromators  A,  B,  and  C  increase,  the  sensitiv¬ 
ities  decrease  proportionally  because  time  must  be 
shared  among  the  other  elements  of  the  spectrum.  On 
the  other  hand,  the  spectrographic  instruments  have 
roughly  the  same  sensitivity  at  each  spectral  resolu¬ 
tion  element. 

There  are  many  techniques  for  optimizing  an  instru¬ 
ment  for  a  specific  observation.  Because  the  require¬ 
ment  in  future  programs  is  for  broad  spectral  cover¬ 
age,  it  seems  that  the  ICCD  system  will  be  most 
useful.  The  airglow  atlas  of  Broadfoot  and  Kendall**^ 
was  accumulated  in  segments  of  500  spectral  ele¬ 
ments  with  monochromator  B.  Figure  3  shows  that 
an  equivalent  spectrum  of  576  spectral  elements 
would  be  recorded  by  an  optimized  ICCD  spectro¬ 
graph  approximately  200  times  faster  than  with 


Fig  3.  Sensitivities  for  the  instruments  listed  in  Table  II.  The 
letters  that  label  the  lines  correspond  to  those  in  the  table.  The 
numbers  shew  the  number  of  spectral  elements  in  each  spectrum. 
The  sensitivities  of  the  monochromators  depend  on  the  numln^r  of 
spectral  elements  because  of  the  necessity  fur  tune  sliariaa* 


monochromator  B.  The  AIS  (spectrograph  F)  will 
record  the  same  spectrum  of  500  elements  32  times 
faster  but  in  addition  will  record  a  much  wider 
spectral  range,  including  4600  spectral  elements  at 
once.  This  is  a  spectacular  improvement  in  capability. 
The  rating  of  the  CCD  spectrograph,  H,  with  respect 
to  optimized  ICCD  spectrograph  G  is  noteworthy. 
ICCD  spectrograph  G  seems  to  be  316  times  faster 
than  spectrograph  H  on  the  basis  of  this  comparison. 
It  can  be  argued  that  we  have  not  treated  the  CCD 
spectrograpli  fairly.  In  particular,  we  assumed  equal 
quantum  efficiencies  for  the  CCD  and  the  ICCD, 
whereas  the  detective  quantum  efficiency  of  the  CCD 
was  higher  for  certain  wavelengths.  However,  even 
factors  of  3-5  do  not  bring  the  CCD  spectrograph  into 
contention.  It  was  demonstrated  that  the  improve¬ 
ments  discussed  above  are  attainable  in  practice,  but 
this  is  not  discussed  in  detail  here. 


B.  Size  of  ICCD  Spectrographs 

In  the  discussion  of  the  optical  designs  and  the  ICCD 
spectrograph  it  was  mentioned  that  the  design  is 
constrained  by  the  size  of  the  ICCD  format.  This 
conclusion  follows  directly  from  relation  (6).  The 
proper  length  and  width  for  the  slit  image  are  deter¬ 
mined  by  the  CCD  format  and  are  therefore  constant, 
leaving  only  the  dimensionless  /’-ratio  as  an  aciyust- 
able  parameter.  The  comparative  study  in  Subsection 
III.A  addressed  the  performance  of  several  instru¬ 
ments  whose  focal  lengths  ranged  over  an  order  of 
magnitude  from  100  to  10  cm.  The  monochromator 
performance  scales  by  focal  length,  whereas  the  per¬ 
formance  of  the  spectrographs  scales  by  array  size. 
Note  also  that  the  performance  was  improved  by 
orders  of  magnitude  in  the  short  focal  len^h  instru¬ 
ments  that  can  rc‘cord  broad  wavelength  regions. 

A  difference  of  a  factor  of  10  in  focal  length  implies 
a  difference  of  a  factor  of  1000  in  instrument  volume. 
For  example,  a  standard  commercial  36-mm  camera 
lens,  such  as  the  Nikon  135-mm  fl2  with  a  60-mm 
square  grating  and  u  modest  collimator  and  slit, 
forms  a  small  spectrograph.  The  smaller /‘-ratio  would 
improve  its  performance  by  a  factor  of  2  over  ICCD 
spectrograph  G  in  Table  II.  Although  it  would  be 
limited  in  spectral  range  by  the  lens  coating,  the 
comparison  in  size  and  performance  is  remarkable. 

The  application  of  new  technology  has  completely 
r(»verw»d  iluM»mphasiKon  inHlrumentution.  The  mono¬ 
chromator  is  a  priM.*ision,  hjgh-co.st  optical  toot  with  a 
rea<lout  system  as  simple  as  a  photomultiplier  tube 
and  a  strip  chart.  The  array  deUn^tor  permits  the  use 
of  simple  optical  configurations,  but  the  data  retrieval 
and  the  manipulation  require  tmyor  resources.  How¬ 
ever,  once  the  data  analysis  system  has  been  estab¬ 
lished,  the  spectral  coverage  required  in  future  pro- 
gleams  can  be  achieved  by  a  replication  of  small 
spiHJtrographs  covering  the  spectral  range  and  having 
a  common  data  format.  At  the  University  of  Arizona, 
this  technique  is  utuni  to  provide  small  space  flight 
spectrogi*aphs  in  a  group  of  five  to  cover  the  wave¬ 
length  range  from  115  to  1100  nm  simultamHiusty 
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with  4600  spectral  elements.  The  spectral  resolution 
varies  from  3  to  10  A  over  the  spectral  range.  The 
spectrograph  set  has  outside  dimensions  of  41  cm  x 
41  cm  X  21  cm.  This  instrument  is  described  in  a 
companion  paper.’®  The  spectrographs  are  included  in 
Table  II  and  Fig.  3  as  spectrograph  F. 

C.  Data  Quality  Comparisons 

Not  only  does  the  ICCD  spectrograph  have  a  photo¬ 
metric  advantage  over  monochromators,  the  quality 
of  the  data  shows  a  remarkable  improvement  as  well. 
The  data  set  accumulated  by  the  Voyager  UV  spectro¬ 
graph’®  can  illustrate  this  point.  Because  the  detector 
integrates  signals  continuously  over  the  whole  spec¬ 
tral  range,  it  records  temporal  variations  in  the 
relative  brightness  of  features  within  the  passband 
properly.  Also,  the  effects  of  internal  scattering  and 
other  characteristic  contaminations  are  recorded  si¬ 
multaneously  with  the  primary  emissions. 

The  monochromator  lacks  this  advantage  because 
only  one  wavelength  position  is  sampled  at  one  time. 
The  recorded  signal  includes  not  only  the  selected 
wavelength  but  also  a  scattered  contribution  from 
other  bright  regions  of  the  spectrum.  The  scattered 
component  cannot  be  determined  with  confidence 
because  the  emission  causing  it  is  not  recorded  simul¬ 
taneously. 

The  Voyager  UV  spectrograph  presents  a  unique 
opportunity  to  evaluate  a  photoevent  counting  spec¬ 
trograph.  It  has  no  moving  parts.  It  records  the 
spectrum  from  500  to  1700  A  in  128  segments  with  an 
intensified  Reticon  linear  anode  array.  Although  this 
spectral  range  may  be  unfamiliar  to  many  research¬ 
ers,  the  data  are  characteristic  of  the  photoevent 
counting  spectrographic  capability  at  any  wave- 
len^h, 

figure  4  shows  a  Voyager  UV  spectrograph  spec¬ 
trum’’®  of  emissions  from  the  interstellar  medium 
acquired  in  the  direction  of  the  galactic  pole,  a  region 
free  of  stars.  The  integration  time  was  1,5  x  10®  s,  or 
approximately  416  h.  The  emissions  arise  from  reso¬ 
nance  scattering  of  solar  lines  by  interplanetary 
hydrogen  and  helium.  The  He  (584-A),  H  (1216-A), 
and  H  (1025-A)  lines  are  well  defined.  Note  that  the 
ordinate  scale  changes  through  the  analysis.  The 
H  ( 12  16-A)  line  intensity  results  in  a  peak  photoevent 
rate  of  approximately  1  s  ’pixel '.  Laboratory  calibra¬ 
tion  of  the  instrument  measured  the  scattering  Horn 
lines  at  many  wavelengths  throughout  the  wave¬ 
length  range.  Alter  the  detector  dark  count  is  sub¬ 
tracted,  a  matrix  multiplication  removes  the  effects  of 
scattering  of  the  four  envisslon  lines  He  (564  A), 
H  Ly-tt,  H  Ly-{},  and  H  Ly-y.  The  resulting  spectrum 
is  shown  in  Fig.  4b.  In  Fig.  4c,  this  reduced  spectrum 
is  compamd  with  a  model  computed  by  a  spectral 
synthesis  program  that  applies  the  instrument 's  trans¬ 
mission  fiinction  to  the  four  discrete  lir^s.  Using 
UuKMt  Utchniques,  we  have  fouttd  that  the  modeling 
pruceiis  gives  a  sensitive  measure  <»f  wavelentdi). 
Although  each  spiH:tral  element  is  appixiximately  llA 
wide,  the  model  line  must  be  placed  within  2  A  of  the 


true  wavelength  position  for  a  match  to  be  convinc¬ 
ing.  Figure  4d  shows  the  difference  between  the 
model  and  the  reduced  spectrum  in  Fig.  4c.  This 
represents  ths  noise  in  the  observation  after  the 
emission  is  removed.  Differences  are  large  where  the 
signals  are  larger  even  though  the  percentage  error  is 
decreasing.  In  Fig.  4a,  the  count  at  approximately 
750  A  is  approximately  4.5  x  10’  counts  channel"'  in 
1.5  X  10®  s.  Poisson  statistics  imply  a  corresponding 
standard  deviation  of  212  events  or  ±0.14  events  in 
1000  s.  That  envelope,  illustrated  in  Fig.  4d,  is  close 
to  the  envelope  of  the  noise  left  after  the  analysis. 
This  demonstrates  that  it  is  possible  to  understand 
the  origin  of  all  events  in  the  spectrum,  to  the 
statistical  limit  of  the  observation.  Finally,  the  event 
rate  for  the  peak  in  the  H  Ly-a  line  was  1  s,  whereas 
the  rate  for  the  H  L-y  line  peak  was  1  in  330  s;  the 
usable  dynamic  range  for  these  spectra  was  therefore 
at  least  330.  Similar  research  can  be  done  with 
photoevent  counting  systems  having  higher  sensitivi¬ 
ties  and  higher  counting  rates  limited  only  by  the 
statistical  accuracy  of  the  weakest  emission  as  noted 
above. 


IV.  Application  of  Array  Oettetor*  to  maglng 

The  astronomy  community  took  ^he  lead  in  the 
application  of  the  CCD  to  research  imaging.  Again, 
this  was  an  expensive  undertakin,?  requiring  the 
development  of  new  electronics  techniques,  the  evalu¬ 
ation  of  sensors,  and  the  development  of  image 
processing  systems.  In  this  application,  the  CCD 
competed  with  the  photographic  plate,  which  it  easily 
bested.  Even  the  early  CCD  devices  and  systems 
exhibited  important  advantages  in  detector  capabil¬ 
ity.  Although  this  technology  was  an  important  ad¬ 
vancement  holding  great  promise  in  astronomy,  long 
integration  times  and  broad  spectral  bands  were 
acceptable.  In  contrast,  the  airglow  and  auroral  com¬ 
munity  requires  higher  time  resolution  and  narrow- 
band  photometry,  and  the  bare  CCD  has  proven  less 
useful.  The  interference  filter  and  the  photomulti¬ 
plier  had  replaanl  photography  as  a  scientific  tool  in 
the  early  IPfiO's.  Monochromatic  imaging  was  pur¬ 
sued  by  using  flying  spot  photometers.  Intensified 
photography  has  seen  moaest  use  in  the  last  few 
years,  followed  by  some  use  of  intensified  solid-state 
detectors. 

The  requirements  of  the  astronomical  application 
and  the  airglow  and  auroral  opplictition  differ.  For  the 
purpose  of  this  discussion  it  is  appropriate  to  compare 
on  the  basis  of  angular  resolution.  Wlien  an  /'/3 
telescope  v  lth  un  aperture  014  m  and  A  focal  length  of 
12  m  Ulaminates  a  single  CCD  pixel,  0.022-mm  square, 
the  pixel  has  an  angular  field  of  view  of  0.4  arcsec.  If 
the  leld  of  view  is  filled  by  a  radiating  nebular  gas  os 
wel*.  as  the  airglow  in  the  foreground,  the  signals  will 
be  proportional  to  the  surface  brightnesses.  The 
Hurfree  brightness  of  Llie  nubulur  gas  may  change 
flrom  pixel  to  pixel  with  changes  in  gas  density  or 
e.*teitation.  The  airglow  brightness  would  contribute 
to  each  pixel  uniformly  hoeause  the  field  of  view  is 
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small  compared  with  the  scale  of  variations  in  airglow 
emissions.  When  the  optical  system  is  scaled  down  by 
a  factor  of  10“  to  an  aperture  of  4  mm  and  a  focal 
length  of  12  mm,  the  same  pixel  has  an  angular  field 
of  O.r.  The  nebular  source  would  be  contained  in  a 
small  fraction  of  the  field  of  view  with  the  detected 
radiation  reduced  proportionally.  However,  the  air- 
glow  still  fills  the  field  of  view  of  the  pixel,  and  the 
signal  level  will  be  the  same  as  for  the  larger  system 
bwause  the  photometric  expression  [relation  (5)]  is 
the  same  for  both  optical  systems.  The  brightness  of 
the  eurglow  might  vary  from  pixel  to  pixel  depending 
on  the  source  of  the  emission. 

We  make  these  comparisons  for  two  reasons.  The 
first  is  to  emphasize  that  the  significant  feature  of  an 
image  is  the  variation  of  intensity  <5ver  the  field.  It  is 
important  to  select  the  angular  field  to  match  the 
scale  of  the  intensity  variation  to  be  measured.  The 
second  is  to  emphasize  that  the  photometry  is  indepen¬ 
dent  of  the  size  of  the  optical  system. 

The  discussion  of  the  threshold  of  detection  of  the 
ICCD  and  the  CCD  can  be  placed  on  an  absolute  scale 
for  this  imaging  review.  If  an  optical  system  has  the 
following  parameters, /"-ratio,  1;  pixel  area  (2.2  x  10‘“ 
cm)'*;  transmission  (t),  0.9;  quantum  efficiency  (e), 
0.2,  then  for  the  unit  emission  rate,  1  R  =  10®/4Tr 
photons  s"'  cm‘“  sr'‘,  in  Eq.  (2)  the  photoevent  rate  is 
5.4  X  10'“  events  pixel''  s'*.  The  abscissa  of  Fig.  1  can 
be  converted  to  the  sensitivity  scale  at  the  top  of  the 
figure  by  using  this  factor.  For  instance,  an  emission 
rate  of  18.5  kR  would  generate  10“  photoevents 
pixel'*  s'*.  The  threshold  arguments  made  previously 
can  now  be  considered  on  an  absolute  scale.  The 
sensitivity  of  the  CCD  imager  would  be  ~  1  kR  s.  A 
surface  brightness  of  1  kR  would  produce  50  e"  pixel'* 
in  a  1-s  exposure,  the  previously  defined  threshold  of 
detection.  For  the  ICCD  the  corresponding  number 
would  be  18  R  s. 


A.  Broad  Spectral  Band  Imagers 

Many  of  the  dominant  auroral  emissions  can  be 
monitored  with  interference  filters  of  reasonably 
wide  bandpass  (e.g.,  50  A)  that  could  be  incorporated 
into  the  fast  fH  optical  system  used  as  a  baseline  in 
the  discussion  above.  Even  with  the  1-kR  s  threshold 
of  the  bare  CCD,  typical  auroral  emissions,  which  are 
usually  tens  of  kilo-Rayleighs,  would  give  detectable 
signals  in  a  1-s  exposure.  The  0.1°  angular  resolution 
of  a  single  pixel  corresponds  to  a  scale  of  200-400  m 
at  typical  auroral  heights  and  ranges.  An  array  of  100 
X  100  pixels  corresponds  to  a  field  of  view  10°  square, 
a  size  useful  for  comparative  studies  of  auroral 
morphology.  This  type  of  imager  would  also  be  useful 
for  support  imaging  during  spectrographic  observa¬ 
tions.  Clusters  of  four  or  six  miniature  imagers  are 
quite  feasible  with  fiber-optic  technology  and  CCD 
arrays.  For  weaker  aurora  where  requirements  for 
both  time  and  spatial  resolution  can  be  relaxed,  both 
longer  exposures  and  on-chip  summation  of  four  or 
nine  pixels  would  produce  images  of  good  S/N  ratio. 
Intensified  systems  would  be  required  for  better  time 
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resolution,  but  these  can  also  be  implemented  in  a 
clustered  set. 

The  imagers  associated  with  the  spectrographs  in 
the  companion  paper*®  were  prepared  following  the 
outline  above.  Twelve  miniature  images  are  recorded 
by  two  CCD’s  with  fiber-optic  coupling;  10  of  these 
are  intensified. 

B,  Monochromatic  Imagers 

For  narrow-band  monochromatic  imaging,  the  need 
for  near-normal  incidence  on  the  interference  filter 
constrains  the  /"-ratio  of  the  optical  system.  In  this 
case,  maximized  throughput  is  important  because 
these  imagers  are  often  used  to  sepau'ate  weak  emis¬ 
sions  from  a  complicated  spectral  region.  The  optical 
technique  is  to  use  the  largest  interference  filter 
available.  An  image  of  the  sky  is  formed  on  the  filter 
through  telecentric  optics.  This  image  is  then  re- 
im^lged  on  the  intensifier.  To  m^untain  the  passband 
of  an  interference  filter  with  a  5-A  bandwidth,  the 
incidence  angle  0  must  not  exceed  approximately  4° 
from  the  normal.  The  required  /"-ratio  of  the  fore 
optics  is  given  by/"=  (2  tan  0)'*,  which  implies  an/"/ 7 
system  for  the  example  given  here.  If  the  optics  are 
properly  designed,  the  /"-ratio  of  the  fore  optics  can  be 
converted  to  an  f!  1  system  feeding  the  CCD.  This  will 
result  in  a  system  with  the  sensitivity  defined  by  the 
ICCD  curve  in  Fig.  1  if  the  /"-ratio  transition  is  made 
without  vignetting.  (Some  corrections  are  required 
for  optical  transmission  and  quantum  efficiency).  A 
sensitivity  near  40  R  s  would  be  typical.  Again,  by 
sacrifice  of  spatial  resolution  through  on-  or  off-chip 
summation  of  2  x  2  or  3  x  3  pbcels,  the  signal  could 
be  increased  by  factors  of  4  and  9,  respectively;  this  is 
effectively  increasing  the  area  of  the  pixel. 

Still  higher  sensitivities  can  be  achieved  by  a 
further  increase  in  the  effective  area  of  the  detector. 
This  can  be  achieved  with  the  ICCD  by  use  of  larger 
proximity  focused  intensifiers,  say  40-mm  diameter, 
with  the  output  image  reduced  by  a  fiber-optic  taper 
to  15-mm  diameter  to  fit  the  CCD  array. 

C.  Application  to  the  Fabry-Perot  Interferometer 

The  FJabry-Perot  (F-P)  interferometer  falls  in  the 
same  category  as  the  monochromatic  imager,  but  its 
field  of  view  is  still  narrower,  and  large  plates  are  used 
to  increase  the  collection  area.  The  optical  coupling 
problem  is  the  same  as  that  for  the  monochromatic 
imager;  a  high-speed  telescope  would  be  used  with  an 
aperture  the  size  of  the  F-P  plates.  The  focal  length 
of  the  telescope  would  determine  the  number  of  rings 
falling  on  the  CCD.  Each  spectral  order  in  the  F-P 
fringe  pattern  contaiins  the  same  energy.  The  improve¬ 
ment  over  the  classical  scanning  F-P  system  can  be 
evaluated  by  counting  the  number  of  rings  and  the 
number  of  elements  required  across  the  ring.  An 
operational  advantage  lies  in  the  ability  to  find  the 
center  of  the  ring  pattern  with  software  rather  than 
by  acljusting  the  plates  and  the  ring  position. 

We  commented  above  on  imaging  the  aurora 
through  passband  filters  with  a  CCD.  In  this  section 
we  discuss  the  threshold  of  detection  and  the  ICCD  in 
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Fig  6.  Image  of  Halley's  Comet  In  the  light  of  01  <6300  A)  emission  made  by  using  a  F-P  interferometer  and  an  intensified  CCD.  The 
system  sensitivity  is  approximately  36  R>s. 


connection  with  data  from  a  specialized  application.  tion,  the  effective  pixel  area  was  increased  by  a  factor 

The  image  of  Halley’s  Comet  in  Fig.  5  was  obtained  of  4  but  at/"/ 2  the  solid  angle  decreased  by  a  factor  of 

with  a  telescope  and  a  F-P  interferometer  matched  to  4.  A  transmission  of  50^  would  bring  the  observation 

an  ICCD  by  appropriate  optics.'"  The  interferometer  into  line  with  the  example, 

isolated  the  cometary  01  (6300  A)  emission,  which  There  are  other  points  that  can  be  made  from  this 
was  Doppler  shifted  from  the  Earth’s  airglow  line,  demonstration.  First,  we  invito  the  reader  to  consider 
The  intensity  gradient  from  the  background  to  the  the  various  techniques  that  could  be  used  in  the  data 
nucleus  of  the  comet  is  clear.  Unexpectedly,  the  cloud  analysis  and  ^ta  collection  to  address  this  tsrpe  of 
is  not  spherically  symmetric.  imsging.  We  do  not  discuss  the  data  ftjrther.  The 

The  information  contained  in  the  Imoge  is  the  question  of  the  comparison  of  the  ICCD  image  with 

suhtject  of  interest  here,  rather  than  the  physics  of  the  the  CCD  image  is  important  for  completeness.  In  the 

emission,  which  has  discussed  elsewhere.^'  The  discussion  of  the  CCD.  it  was  estimated  that  60  e" 

image  was  acquired  with  a  60-8  exposure.  The  format  would  be  required  per  pixel  to  give  a  S/N  of  unity, 

of  the  array  was  678  x  384  (0.022*mml  pixels,  which  With  the  optical  system  used  for  the  comet  observn- 

have  been  summed  2  X  2.  The  background  level  (dark  tion,  the  threshold  intensity  would  have  been  600 

noise)  amounts  to  1  photoevent  in  10  pixels.  Near  the  times  higher.  Even  if  the  CCD  noise  level  were  10  e  , 

nucleus  of  the  comet  the  signal  is  approximately  I  the  threshold  is  still  out  of  range  by  100.  Other 

event/pixel.  In  spite  of  the  low  signal,  the  image  optimization  ofthe  CCD  is  possible,  but  we  must  also 

shows  an  obvious  change  in  surface  brightness  begin  to  consider  such  complicating  features  as  work- 

through  I  order  of  magnitude.  The  intensity  near  the  ing  with  limited  charge  and  cosmic  ray  events,  etc.  We 

nucleus  was  6.3  R.  The  threshold  is  therefore  approx-  amclude  that  the  strength  of  the  ICCD  lies  in  its 

imately  0.6  R.  Since  this  threshold  was  reached  in  application  to  aeronomical  problems  in  which  pho- 

60  s,  the  sensitivity  of  the  system  was  36  R  s.  This  is  tons  ore  limited, 

consistent  with  the/'/i  example  stated  above  whe  we 

note  that  the  ICCD  was  fed  through  a  Nikon  /'/2  lens  This  r'.'search  was  supported  under  contract  SFRC 
of  focal  length  136  mm.  Through  the  2x2  summa-  F19628-8£'K-0040  (inom  the  U.S.  Air  Force.  National 
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Aeronautics  and  Space  Administration  contract 
NASW  4246  and  grant  NAG6-637,  and  National 
Science  Foundation  grant  ATM  8814440. 
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Panchromatic  spectrograph  with  supporting 
monochromatic  imagers 

A.  L  Broadfoot,  B.  R.  Sandel,  D.  Knecht,  R.  Viereck,  and  E.  Murad 


Thtt  Arizona  Imager/Spactrograph  is  a  set  of  iTnagtrig-  spectrographs  asd  two-<iimensioaai  imagers  for 
space  flight  Nine  neariy  identical  spectrographs  record  wavelengths  from  X14  to  1090  am  with  a 
resolution  of  0.5-1.3  mm  The  spatiai  resolution  along  the  slit  is  elecdronicaily  selectable  and  can  reach 
*192  elements.  Twelve  pasaband  imagers  cover  wavelengths  in  the  160-900-am  range  and  have  fields  of 
view  from  2*  to  21*.  llie  spectrographs  and  imagers  rely  on  intensified  CCD  detectors  to  achieve 
substandal  capability  in  an  instrument  of  minimum  mass  and  size.  By  use  of  innovative  coupling 
techniques  only  two  CCD's  are  required  to  record  images  from  12  imagers,  and  single  CCD's  record 
spectra  from  pairs  of  spectrographs.  The  fields  of  view  of  the  spectrographs  and  imagers  are  coaligned. 
and  ail  spectra  and  images  can  be  exposed  simultaneously.  A  scan  platform  can  rotate  the  sensor  head 
about  two  orthogonal  axes.  The  Arizona  imager/spectrograph  b  designed  for  investigations  of  the 
interaction  between  the  Space  Shuttle  and  its  environment.  It  is  scheduled  for  flight  on  a  Shuttle 
subsatelllte. 


Introduction 

The  relationship  between  ai^ow  observations  and 
airgiow  models  has  always  been  a  rather  subjective 
one.  Modeling  now  includes  a  remarkably  extensive 
range  of  parameters^  and  present  measurements  do 
not  effectively  constredn  all  of  them.  Measurements 
of  many  parameters  are  required  to  evaluate  and 
constrain  the  models.  Unfortunately  the  observa- 
tions  that  are  available  for  thi^  purpose  differ  in 
important  ways  that  complicate  their  intercompari- 
son.  They  differ  in  time,  air  mass,  altitude,  solar 
flux,  magnetic  conditions,  and  excitation  and  quench¬ 
ing  mechanisms.  The  assumptions  in  relating  the 
data  sets  to  each  other  are  undoubtedly  the  main 
source  of  error  so  that  the  data  set  as  a  whole  does  not 
test  a  given  model  at  its  full  potentiaL  Applications 
of  modem  technology  in  optics,  detector  sjrstems, 
electronic  control,  and  computing  will  make  a  revolu¬ 
tionary  change  in  our  ability  to  collect  extensive  data 
sets  having  fixed  interrelationships.  The  instru¬ 
ment  described  here,  the  Arizona  Imager/ Spectro¬ 


A-  L.  Broadfoot  and  B.  R-  Sandel  are  with  the  Lunar  and 
Planetary  Laboratory,  University  of  Arizona,  Tucson,  Arizona 
86721.  D.  Knecht,  R.  Viereck,  and  E.  Murad  are  with  the  Air 
Force  Geophysics  Laboratory,  Hanscom  Air  Force  Base,  Bedford, 
Massachusetts  01731. 

Received  8  April  1991. 

0003^935/92/163083-14$05.00/0. 
o  1992  Optical  Society  of  America. 

The  U.S.  Qovernment  Is  authorized  to  reproduce  and  sail  this  report. 

Permission  for  further  reproduction  |?y  others  must  be  obtained  from  g 

the  copyright  owner. 


graph  (AIS),  is  a  starting  point  in  attacking  this 
problem- 

The  spectrograph  has  been  recognized  as  an  impor¬ 
tant  diagpiostic  tool  because  it  records  simultaneously 
a  large  spectral  passband  and  also  retains  spatial 
resolution  along  its  slit.  A  detector  having  two- 
dimensional  spatial  resolution  is  required  in  the 
image  plane;  until  recently  that  detector  has  been 
photographic  film.  Replacing  the  film  by  the  intensi¬ 
fied  charge  coupled  device  (ICCD)  has  improved  our 
spectrographic  capability  in  two  important  ways. 
First,  the  ICCD  spectrograph  has  photon-counting 
sensitivity.  Second,  the  sise  of  the  spectrograph  is 
constrained  by  the  detector  size,  which  is  quite  small. 
The  AIS  exploits  both  of  these  advantages  while 
retaining  spatial  resolution  along  the  slit.  The  appli¬ 
cation  of  ICCD’s  to  airgiow  instruments  is  discussed 
in  a  companion  paper.^ 

An  important  guiding  principle  in  the  design,  con¬ 
struction,  and  operation  of  the  AIS  has  been  to 
provide  the  capability  for  acquiring  spectral  and 
spatial  information  simultaneously.  Toward  that 
end  the  spectrograph  slit,  which  is  imaged  on  the 
ICCD  detector,  is  2  pixels  wide  x  192  pixels  long. 
The  192  pixels  along  the  length  may  be  summed  into 
groups  of  a  selectable  mnnber  of  pixels.  Summing  S 
pixels  into  each  group  (as  in  the  example  in  Fig.  1) 
divides  the  length  of  the  slit  into  24  segments,  and 
separate  spectra  are  recorded  for  each  segment.  Spa- 
tuil  inhomogeneities  in  the  source  will  be  represented 
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in  the  set  of  spectra,  which  are  recorded  sunulta* 
neously.  In  t^s  case  statistical  accuracy  in  the 
spectrum  is  sacrificed  to  gain  spatial  Information. 
Statistical  accuracy  in  the  spectrum  can  be  recovered 
in  data  analysis  by  summing  the  adjacent  segments, 
thereby  sacrificing  spatial  detail  to  improve  the  signal' 
tO'noise  ratio  of  weak  spectral  features. 

Figure  I  illustrates  the  advantages  of  this  spectro 
graphic  technique.  The  fiame  of  an  acetylene  torch 
was  used  as  the  target.  In  the  schematic  diagram  in 
the  upper  right'haitd  comer,  the  white  line  shows  the 
projection  of  the  spectrograph  slit  across  the  core  of 
the  fiame.  To  the  left  is  an  enlarged  view  of  the  slit 
that  shows  that  20  of  the  24  segments  were  Ulumi* 
nated  by  the  fiame.  Aligned  under  the  slit  are  the 
recorded  spectra,  one  spectrum  for  each  segment. 
Although  the  spectral  range  from  3000  to  9000  A  was 
record^  at  the  same  resolution,  we  have  selected  two 
spectral  regions  that  include  ti^o  prominent  bands  for 
discussion.  The  color  plot  shows  that  the  most 
intense  emission  originates  in  the  center  of  the  core  of 
the  fiame.  The  UV  OH  emission  extends  across  14 
segments  of  the  slit,  while  the  longer  wavelength  Cj 
(Swan)  bands  appear  to  be  confined  to  the  central 
core.  It  is  noteworthy  that  the  CH(0,  0)  band  is 
more  confined  than  the  OH  bands. 

The  spectrum  of  the  best  signal-to-noise  ratio  will 
be  obtained  by  summing  the  central  four  or  five 
segments.  Summing  all  the  segments  would  in¬ 
crease  the  noise  content  unless  the  emission  of  inter¬ 
est  filled  the  slit.  An  improved  spatial  signature  for 
the  band  emissions  can  be  obtained  by  summing  the 
appropriate  wavelength  bins  in  the  spectral  direction. 

A  companion  imager  with  a  passband  near  3100  A 
would  show  the  extent  of  the  OH  emission  in  two 
dimensions,  but  only  the  spectrograph  can  separate 
the  blended  intensity  profile  of  the  CH  emission  from 
the  nearby  OH  emission. 

All  these  techniques  were  available  to  us  with  the 
spectrograph  and  photographic  plate.  The  improve¬ 
ment  available  now  is  in  detector  and  electronic 
technology.  We  enjoy  all  the  attributes  of  the  classi¬ 
cal  spectrograph  that  is  combined  with  the  photon¬ 
counting  sensitivity  of  the  photomultiplier  for  every 
pixel  in  the  detector  array. 

This  approach  has  a  tremendous  advantage  in 
studying  time-dependent  phenomena,  such  as  the 
active  experiments,  which  have  been  performed  to 
study  ionospheric  electron  holes®^  and  atmosphere- 
plume  interactions.'  For  example,  Mendillo  et  al.* 
observed  630-nm  radiation  when  the  Space  Shuttle’s 
orbital  maneuvering  system  engines  were  fired.  The 
observation  was  made  with  a  narrowband  filter.  It 
is  reasonable  to  attribute  the  radiation  to  0('D)  -*■ 
0(*P).  Since  the  radiative  lifetime  t  of  0(’D)  is 
- 120  3,  spectral  information  as  a  function  of  distance 
along  the  line  of  release  can  be  extremely  valuable  in 
determining  the  morphology  of  this  species. 

An  important  factor  leading  to  the  consistency  of  a 
spectrographic  data  set  is  recording  the  entire  spec¬ 
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trum  at  the  same  time  from  the  same  gas  column 
with  diagnostic  resolution.  The  AIS  comes  close  to 
achieving  this  goal.  It  records  the  spectrum  from 
114  to  1090  nm  simultaneously.  The  spectrum  is 
sampled  at  5000  contiguous  spectral  intervals.  The 
A15  is  a  true  spectrograph  by  maintaining  spatial 
information  along  its  entrance  slit. 

The  AIS  addresses  another  problem  that  is  com¬ 
mon  to  airglow  and  auroral  spectroscopy,  namely, 
that  of  relating  the  location  of  the  observed  gas 
column  to  the  region  of  the  scene  being  analyzed. 
The  .AIS  has  a  complement  of  12  coaligned  im^ers, 
10  of  which  are  intensified.  By  the  use  of  passband 
filters,  the  .AIS  records  the  spatial  extent  and  surface 
brightness  of  emissions.  All  images  are  shuttered  at 
the  same  time  as  the  spectra  are. 

The  instrument  described  in  this  paper  was  de¬ 
signed  to  meet  the  needs  of  a  space  flight  program 
that  is  directed  at  the  analysis  of  the  shuttle  glow.*-* 
The  Earth’s  airglow  is  the  background  against  which 
the  shuttle  glow  is  observed.  Useful  airglow  and 
auroral  observations  are  made  during  the  same  flight 
opportunity.  The  .AIS  is  one  of  a  group  of  instru¬ 
ments  that  form  the  payload  of  the  Infrared  Back¬ 
ground  Signature  Survey  flight  program.  The  exper¬ 
iments  are  to  be  flown  on  the  (}erman-built  carrier 
Shuttle  Pallet  Satellite  II,  which  is  manifested  for 
flight  on  STS-39  in  Apr.  1991. 

We  have  prepared  a  second  nearly  identical  instru¬ 
ment  for  ground-based  airglow  and  auroral  measure¬ 
ments.  The  spectrograph  section  covers  only  the 
wavelength  region  from  300  to  1100  nm.  The  im¬ 
ager  passbands  and  field  of  view  (FOV)  are  adaptable 
to  the  classical  auroral  and  airglow  emissions.  .A 
third  instrument  is  in  preparation  for  Hitchhiker 
Shuttle  flight  opportunities,  with  the  first  flight 
expected  in  1992.  The  primary  targets  are  shuttle 
glow,  contamination  and  flow  fields,  as  well  as  airglow 
and  auroral  emissions  from  the  atmosphere.  The 
data  formats  of  all  these  instruments  are  identical, 
thus  simplifying  the  intercomparison  of  data  sets. 
The  data  are  recorded  in  a  widely  used  format,  the 
Flexible  Image  Transport  System.  The  Image  Reduc¬ 
tion  and  Analysis  Facility  processing  software  devel¬ 
oped  by  the  Kitt  Peak  National  Observatory  is  used 
for  data  analysis. 

Arizona  Imager/Spectrograph  Overview 

The  AIS  spectrographs  and  imagers  are  mounted  on 
an  azimuth-elevation  scan  platform  that  is  driven  by 
stepping  motors  (Fig.  2).  The  central  box  of  the 
spectrograph-imager  assembly  includes  five  spectro¬ 
graph  housings  of  identical  mechanical  design.  The 
spectrographs  cover  the  wavelength  range  from  114 
to  1090  nm  in  nine  overlapping  wavelength  bands. 
Pairs  of  double  gratings  in  fovu:  of  the  spectrograph 
housings  image  eight  spectral  bands  onto  four  inten¬ 
sified  CCD  arrays.  The  fifth  spectrograph  housing 
contains  a  single  grating  and  records  the  wavelength 
range  from  900  to  1090  nm  on  a  bare  (unintensified) 
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Fig.  2.  Two  vi«w«  of  th»  AIS  iptctrogriplu  wd  inuigm  mouattd 
00  tbtir  ttiB  plotfonn.  The  nine  tpeetregnphe  are  leparated 
into  five  houaingi.  Above  the  q>eGtrograph  houeingi  are  the  12 
paMband  hnagirt.  The  asaa  of  rotation  paaa  through  the  center 
of  gravity  of  ^e  rotating  Motion.  The  roVa  of  all  the  ipeetio* 
grapha  and  imagera  are  coaligned, 


CCD.  The  FOV  of  the  ^lectrographs  is  typically 
0.2*  X  2*.  There  are  no  moving  parts  in  the  spectro¬ 
graphs.  Exposure  is  ointroll^  electronioJly  by  a 
cathode  gate  potential  or  by  using  the  high-sp^ 
CCD  readout  capability,  whi(^  is  50  ms/£raine.  The 
characteristics  of  each  speetrogruth  are  given  in 
Table  I. 

Figure  2  also  shows  the  cluster  of  12  imagers.  The 
imager  baffles  and  intensifiers  are  mounted  on  top  of 
the  spectrographs.  Flexible  fiber-optic  ima^  con¬ 
duits  cany  images  to  two  CCD's  that  are  mounted 
beneath  the  spectrographs.  Ten  of  the  images  are 
intensified,  and  two  (the  IR  images)  are  not.  The  IB 
images  are  conducted  directly  to  the  (^D's  by  the 
fiber  optica.  Tbeae  two  IR  imagers  can  accommo¬ 
date  bright  signals  and  are  used  for  accurate  pointing 
(2*  FOV)  and  field  monitoring  (18*  FOV)  to  warn  of 
bright  emissions  coming  into  the  imaging  space. 
Ei^t  UV  images  are  recorded  with  v^ous  pau- 
bands  and  FOV’s  to  support  the  primaiy  speetro- 
graphic  experiment.  The  remaining  two  imagers 
nave  FOVs  of  5*  and  are  intensified  and  filtered  for 
the  visible  wavelengths  of  the  shuttle  glow.  The 


flexible  fiber-optic  conduits  have  separate  bundles  to 
acquire  the  images  from  the  image  planes  or  from  the 
fiber-optic  output  of  the  intensifiers.  At  the  CCD 
end  the  fiber  bundles  are  gathered  in  a  2  x  3  matrix, 
which  matches  the  image  section  of  the  CCD.  The 
CCD  is  used  in  the  frame  transfer  mode;  the  images 
are  moved  quickly  from  the  image  half  to  the  storage 
half  of  the  CCD,  which  effectively  shutters  the  image. 
All  functions  are  under  microprocessor  control 


Imaging  Spectrographs  for  ICCD  Oerieetora 
Spectrograph  Optics 

Figures  3  and  4  show  the  primary  features  of  the 
optics.  After  reviewing  several  optical  designs  for 
usefulness  with  the  ICCD  detector,  we  chose  one 
employing  aberration-corrected  holographic  concave 
gratings.  The  simplicity  of  the  mechanical  design, 
which  could  be  used  at  all  wavelengths,  20-1100  nm, 
was  the  strongest  argument.  This  design  requires 
only  one  optical  element  and  one  surface,  compa^  to 
five  optical  elements  and  nine  surfaces  that  are 
requii^  by  an  alternative  classical  desigiu  The 
gratings  were  designed  by  American  Holographies, 
Inc.  Although  the  first  set  was  expensive,  succes¬ 
sive  sets  were  quite  economical.  Tables  II  and  III 
summarize  grating  characteristics  and  spectrograph 
design  parameters. 

The  number  of  spectrognqjhs  and  gratings  re¬ 
quired  to  cover  the  wavelength  range  from  114  to 
1090  nm  was  determined  primarily  by  the  spectral 
dispersion  that  is  required  for  a  dia^ostic  spectrum. 
At  short  wavelengths  the  airglow  spectrum  is  fine 
structured  and  requires  an  -0.3-0.5-nm  spectral 
half-width  to  separate  blends  and  determine  rota¬ 
tional  structure  in  molecular  bands  when  accurate 
tpKtnl  modeling  is  used.  At  the  longer  wavelength 
end  of  the  spectrum  band  systems  are  broader,  which 
reduces  the  dispersion  requirement  somewhat.  The 
lengUi  of  the  CCD  array  and  the  pixel  size  determine 
the  plate  dispersion.  For  a  spirograph  the  ideal 
transmission  fiinction  U  rectangular  and  2  pkds  in 
width;  therefore  the  576-pb(el  array  can  record  288 
spectral  elements  along  its  length  or  - 100  nm  for  a 
0.3-nm  width.  Seomdary  constraints  included  the 
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separation  caused  by  the  photocathode  response  and 
the  goal  of  a  reasonably  small  size,  ^th  these 
constraints  the  spectrum  from  114  to  1090  nm  was 
divided  into  nine  overlapping  bands  (Table 
1).  Althou^  it  is  possible  to  bufld  nine  identical 
spectrographs  to  cover  the  spertral  range,  such  a  unit 
would  be  too  large  for  a  practical  fli^t  instrument 
By  using  two  gratings  in  each  spectrograph  we 
sieved  a  tractable  instrument  size.  Reducing  the 
grating  area  TMults  in  a  loss  in  throu^put  by  a  factor 
^  2.  By  reducing  the  slit  length  to  allow  the  two 
spectra  to  be  recorded  side  by  me  on  a  sin^e  CCID, 
the  detector  area  is  also  reduced  by  a  factor  of  2  (Fig. 
5).  The  acnimulated  reduction  in  throu^put  is 
therefore  a  factor  of  4. 

Spectrograph  1  is  an  exception.  The  photoelectric 
sensitivity  in  the  900-10^nm  range  is  compara¬ 


tively  low  for  either  of  the  possible  detectors,  bare 
silicon  ofthe  CCD  or  the  SI  photocathode.  The  bare 
CCD  was  selected  because  the  Si  photocathode  re¬ 
quires  special  cooling,  which  mitd^t  not  be  available, 
and  the  sensitivities  are  not  much  different.  For 
this  spectrograph  we  chose  a  lower  dispersion  to  allow 
a  sin^  grating  to  be  used  for  optimum  throuid^put. 

The  position  ofthe  ICCD  detector  was  unique  for 
each  spectrognph.  The  optical  design  required  that 
the  grating-slit  distance  be  common  for  ^  spectro- 
gr^hs  and  tbAt.  the  detector  be  perpendicular  to  the 
line  from  the  grating  center  to  the  detector  center. 
This  condition  places  all  the  variability  in  the  five 
spectrogr^hs  in  the  detector  position.  A  special 
coupler  was  designed  for  each  spectrogr^  to  satisfy 
these  optical  design  requirements. 

Foreoptics 

The  FOV  of  the  spectrognphs  was  specified  to  be  2.3* 
to  encompass  the  scale  of  eixussions  at  the  expected 
range  to  the  target  Since  the  spectrograph  aUt  was 
4  mm  long,  a  100-irun  focal  length  was  required. 
A  single  lens  could  be  used,  but  the  diameter  would 
have  been  50  mm  and  a  sizable'  <J3e  system  would  be 
required.  Instead  cylindrical  iptics  were  used  to 
simplify  the  bafiSing  and  minimize  the  volume  of  the 
optim  enclosure. 

The  folded  refractive  optical  (fystem  is  shown  in 
Figs.  3  and  4  and  in  the  more  detailed  h'ig.  6.  Inter- 
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Fig.  6.  CroM  section  of  the  refiractive  foreoptics  that  are  used  for 
all  but  the  UV  spectrograph.  The  Fey’s  across  and  along  the  slit 
are  controlled  separately  with  crossed  tylindhcal  optics. 


nal  reflection  in  a  prism  serves  as  the  folding  element 
to  minimize  reflective  losses.  A  ray  trace  showed 
that  some  of  the  rays  that  strike  the  slit  prism  would 
not  be  internally  reflected,  so  the  back  surfaces  of 
^ese  prisms  were  silvered.  Crossed  cylindrical  lenses 
image  the  target  on  the  slit.  A  cyUndrical  lens  of 
IS^mm  focal  length  is  located  19  mm  from  the  slit. 
The  slit  width  of  0.045  mm  restricted  the  angular 
width  of  the  FOV  to  0,14*  outward  from  the  tens. 
The  width  of  the  grating  acceptance  angle  throi^ 
the  slit  at  the  lens  was  7  mm.  The  second  cyUndri^ 
lens,  of  100*mm  focal  length,  is  located  100  mm  from 
the  slit  where  the  croes-s^onal  area  of  the  projected 
grating  acceptance  angle  is  7.2  mm  x  30  mm.  The 
crou>sMtional  area  at  entry  to  the  baffle  is  7.4  nun  x 
32.2  mm. 

Two  tpectrofprapbs  require  spectai  attention.  Spee^ 
tro(p»pb  1  has  an  entrance  elit  8  mm  long  and 
therefore  requires  a  focal  length  of 200  mm  to  match 
the  FOV  of  the  other  spectrographs.  The  addition  of 
a  concave  25*mm  fm^'lengffl  (^lindiical  lena  end 
arljustmiDt  of  the  position  of  the  lOO^^mm  lena  re> 
lulted  in  an  effective  focal  length  of 200  mm.  Beflee* 
five  cylindrical  foreoptks  were  needed  for  speetro* 
grmrh  S,  which  covers  the  wavelength  range  (Irom  IIS 
to  320  nm  (Fig.  7),  Although  the  problem  of  duo* 
matie  iheirmion  in  reCractive  optica  was  eliminated, 
eonsiderabie  i|)heiricil  abeiration  was  introduced  by 
the  dtort  foeal'lcngth  cylindrical  surface.  Three  re* 
llectiotts  were  required  to  matdi  Ure  FOV  require* 
menti.  The  reflective  surfaett  were  coated  to  en* 
hance  UV  teflictioo  to  U50  A. 

tlmnnii  Compensation 

For  most  aatisfaetery  performance  the  CCD’s  end 
intensifiers  should  be  at  a  temperature  below  -  10*C. 
At  these  temperatures  both  the  CCD  leakage  cunent 
and  inUmiifier  shot  noise  are  small  during  an  espo* 
sure  time  of  10 1,  To  achieve  this  tefnpe>ature  the 
whole  spectrognaph  is  radiatively  cooled.  Alignment 
is  done  at  room  tempertiture,  and  the  Shuttle  PiUei 
Satellite  flight  thermal  model  predicts  temperatures 
as  low  as  ‘~70*C.  This  Is  a  temperature  range  of 
1Q0*C,  which  implies  a  change  of  <*^0.07  cm  in  limgth 


Fig.  7.  Crosa  jeetion  through  the  reJective  foreaptics  of  the  UV 
(U5-320  nin)  spectrognph.  The  refractive  optica  of  Fig.  5  are 
replaced  with  the  equivalent  cylindrical  reflective  components. 
Considerable  spherical  aberration  in  the  FOV  is  introduced  but 
does  not  reduce  the  dau  quality. 


of  the  spectrograph  body  over  the  focal  length  of  27.3 
cm  caused  by  thermal  contraction.  A  change  in 
focus  of  only  0.012  cm  would  degrade  the  spectral 
resolution.  Therefore  the  grating-detector  separa* 
tion  is  thermally  compensated  by  the  mechanical 
design  and  material  selection.  The  gratings  in  the 
spTctrograph  are  deposited  on  Zerodur  blanks,  which 
have  a  coefficient  of  thermal  expansion  near  zero. 
To  maintain  focus  through  the  temperature  extreme 
the  position  of  the  grating  relative  to  the  sUt  and 
detector  is  established  by  Invar  rods  that  are  29.2  cm 
long  between  clamps,  which  limits  the  change  in 
focus  to  1  X  10”’  cm  for  IT  ■  lOO’C.  A  stainless* 
steel  diaphragm  is  sandwiched  in  the  grating  holder 
and  attached  to  the  spectrograph  frame.  This  dia* 
phragm  provides  latera  support  of  the  grating  but 
deforms  to  allow  longitudinid  motion.  Invar  rods 
extend  from  the  four  corners  of  the  grating  bolder  to 
fixed  points  C4ar  the  image  plane  as  noted  above. 

PeemMum  tmogere 

AkglowImiQing 

The  main  purpose  of  imaging  in  this  investigation  is 
to  provide  informmion  abwt  the  spatial  distributions 
of  a  variety  of  ^wdes.  It  is  also  d«Mgn«d  to  allow 
pointing  of  the  spectrographs  accurately  and  provide 
a  photometric  map  of  metended  gas  clouds  that  are 
being  anaiyacd  hy  the  spectrographs;  therefore  hi|^ 
spatial  resolution  is  not  necessary.  Imagingmust^ 
done  simultaneously  to  properly  associate  the  hand* 
pijM  images  to  chan^ngconmUons  and  to  be  eontem* 
poraneous  with  Uic  one*dimensional  image  of  the 
spectrograph.'  For  this  reason  we  ueemul^deimag* 
ers  instead  ofa  filter  wheel.  The  CCD  imsge  frame 
of  384  X  288  pixels  was  subdivided  into  sk  arrays  of 
128  X 144  pixels  (Fig.  8).  With  two  CCD’s  we  expose 
12  images  simultattMusly.  Flexibk  fih«rK>ptic  tm* 
age  conduits  collect  the  imegei:  lUrcctly  or  from 
intensifiers  and  transfer  then!  to^he  CCD's. 

Because  of  the  small  Image  format  (2.8  mm  x  3;2 
mm),  miniature  optics  can  be  used,  and  up  to  six^ 
images  can  be  formed  on  a  single  standard  l^-tom 
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Fig.  8.  Schematic  diagram  of  the  imager  components.  Coherent 
fiber-optic  bundles  transfer  the  passband  images  to  one  of  two 
CCD’s. 


image  intensifier.  Broadfoot  and  Sandel'  point  out 
that  the  photometric  efficiency  £  of  an  imager  is 
independent  of  the  size  of  the  imager  since  the 
throughput  is  proportional  to  the  detector  area  A  and 
the  solid  angle  of  illumination  Cl,  where  the  solid 
angle  ft  is  in  turn  proportional  to  the  reciprocal  /‘ratio 
squared;  that  is,  E  «  Alf^.  The  area  of  the  detector 
is  the  pixel,  which  is  a  constant  of  the  system.  The  f 
ratio  is  independent  of  the  size  of  the  optics.  The 
design  parameter  remaining  is  to  satisfy  the  FOV  by 
selection  of  the  focal  length,  then  to  optimize  the 
aperture  to  minimize  the  f  ratio. 

Imager  Set 

Figure  8  summarizes  the  imager  sets.  The  sets  are 
classified  as  narrow  angle  (N)  or  wide  angle  (W)  and 
are  referred  to  by  the  wavelength  regions  of  UV,  VIS, 
and  IR.  Images  formed  by  the  lenses  are  conducted 
by  flexible  fiber-optic  bundles  to  two  CCD’s.  The 
two  IR  imagers  are  not  intensified.  Proximity  fo¬ 
cused  image  intensifiers  are  used  to  intensify  the 
remaining  10  images.  The  light  from  the  phosphor 
is  conducted  by  the  fiber-optic  faceplate  to  a  flexible 
fiber-optic  image  conduit.  The  light  is  conducted  to 
a  third  fiber-optic  window,  which  is  in  contact  with 
the  surface  of  the  CCD.  The  images  were  arranged 
in  groups  of  six  as  iUustrated  in  Fig.  9  on  the  image 
half  of  the  CCD.  The  UV  images  were  split  to 
minimize  the  effect  of  a  failure  in  a  single  CCD.  In 
retrospect  this  arrangement  was  more  complicated 
than  needed;  future  instruments  would  not  use  such 
an  arrangement. 

The  imager  complement  that  is  needed  to  satisfy 
the  scientific  requirements  is  listed  in  Table 
IV.  Eight  imagers  record  UV  emission  in  four  dif¬ 
ferent  passbands  in  the  150-270-nm  wavelength 
range.  Four  of  these  have  a  FOV  of  •“2*  to  match 
the  spectrographs.  The  remaining  four  imagers 
have  similar  passbands  but  25*  FOV’s  to  examine  the 
larger  context  of  the  spectrographs  and  narrow*angle 
imagers. 
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Fig.  9.  Locations  of  images  on  one  of  the  two  CCD's  that  are  used 
for  imaging.  The  frame  transfer  capabiliy  of  the  CCD  is  used  to 
move  the  image  to  the  storage  area.  Ebqwsure  continues  while  the 
storage  area  is  being  digitized.  The  second  imaging  CCD  records 

the  remaining  six  images  in  a  similar  wsgr. 


Wide  and  narrow-angle  unintensified  imagers  as¬ 
sist  in  several  ways.  Their  wavelength  band  is  re¬ 
stricted  to  the  IR  region  around  900  nm,  which  is 
probably  an  important  region  for  shuttle  jdow.  The 
NIR  (2®  FOV)  will  define  the  pointing  of  the  spectro¬ 
graphs.  The  WIR  (18®  FOV)  surve}^  the  fidd  and 
detects  bright  sources  that  should  be  avoided  by  the 
intensified  channels.  The  shuttle  g^ow  is  also  the 
target  of  interest  for  the  other  two  medium-field  (5® 
FOV)  imagers  that  cover  two  visible  bands. 


Infrared  Imagers 

Tht3  IR  imagers  are  the  most  strai^tforward  since 
the  image  is  formed  directly  on  the  end  of  the  flexible 
fiber-optic  bundle.  The  lens  for  the  wide-angle  im¬ 
ager  is  a  commercial  lens  of  9-mm  focal  length  and 
5-mm-diameter  lens.  A  filter  between  the  lens  and 
the  fiber  bundle  limits  the  wavelength  to  >  700  nm. 
The  lens  and  filter  are  located  in  the  center  of  a  plate 
that  is  spaced  from  the  image  plane  to  focus.  Figure 
10  illustrates  the  mechanicail  layout.  A  standard 
frame  size  that  is  50  mm  square  was  used  for  most  of 
the  imagers’  sections.  The  insides  of  the  baffle  tubes 
were  machined  to  a  common  diameter  so  that  baffles 
and  spacers  for  meat  imagers  have  a  common  outside 
diameter.  Inside  diameters  of  the  baffles  were  ma¬ 
chined  in  a  jig,  which  allowed  all  baffle  sets  to  be 
machined  as  a  group  and  provide  tapered  knife-edges. 
The  baffles  and  spacers  were  staged  in  the  baffle 
tube  and  held  in  by  a  jam  nut.  The  walls  of  the  baffle 
tubes  were  machined  to  leave  a  wall  thickness  of  1.3 
mm  between  square  endplnies. 

Figure  1 1  is  a  section  through  the  narrow-angle  IR 
imager.  A  lens  with  a  75-mm  focal  length  and 
40-mm  diameter  was  selected  for  this  application. 
In  both  IR  imagers  the  end  of  the  fiber-optic  bundle 
can  be  moved  to  adjust  the  focus. 
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Fig.  10.  Wi(ie>angie  IR  imager.  No  image  intensifier  is  used  for  this  passband. 


Visible  Wavelength  Imagers 

Figure  12  is  a  cross  section  through  the  two  visible 
imagers.  Two  identical  lenses  (fo^  length,  35  mm; 
diameter,  9  mm)  form  separate  images  on  the  photo- 
cathode  of  a  single  proximiiy  focused  image  intensi- 
fier.  The  fiber-optic  output  of  the  intensifier  is 
coupled  to  the  flexible  fiber-optic  bundle  to  transfer 
the  image  to  the  CCD. 

Wide-Angle  UV  Imagers 

The  WUTs  presented  some  special  problems.  Given 
the  chosen  image  size,  the  desired  field  of  25^  implies 
a  focal  length  of  6.8  mm.  Using  such  a  short  focal- 
length  lens  was  complicated  by  the  fact  that  the 
intensifer  window  was  5  mm  thick.  Reimaging  de¬ 
signs  using  refractive  spherical  optics  were  consid- 
ex^,  but  they  presented  many  problems  and  did  not 
provide  better  imaging  than  the  single  lens  that  was 
used.  The  wide-a^e  lens  consists  of  a  MgF,  hemi¬ 
sphere  and  a  MgF}  spacer  that  form  an  image  on  the 
photocathode.  An  aperture  stop  at  the  base  of  the 
hemisphere  limits  is^e  aberrations.  Ray  tracing 
showed  significant  chants  in  the  imaging  properties 
firom  the  center  to  edge  of  the  image  plane  caused  by 
the  change  in  focal  distance.  The  two  adjustable 
parameters  were  the  size  of  tha  aperture  stop  and  the 
focal  plane  distance.  It  was  demonstrated  that  a 
fhirly  unifom  imam  quality  over  the  image  plane 
could  be  achieved  with  on  f!^  aperture  stop  and  with 
the  image  plane  at  the  median  distance  between  the 
best  focus  for  on-<uda  and  edge  n^.  Most  (80%)  of 
the  rays  fall  inside  a  circle  of  2-pixeIs(hameter.  This 
is  an  acceptable  resolution  for  an  imager  that  is 
intended  to  detect  char;ges  in  the  sur&ce  brightness 
of  extended  gu  clouds. 

Figure  13  is  a  cross  section  through  two  of  the 
imagers.  The  pi^ndmity-focused  image  intensifier 
has  a  Mgf’,  window  and  a  CsaTe  photocathode  with  a 


sensitive  area  that  is  17  mm  in  diameter.  The  center 
of  the  images  lies  on  a  circle  that  is  12.76  mm  in  di¬ 
ameter,  which  is  common  to  all  the  multiple  Imagers. 

Narrow-Angle  UV  Imagers 

The  design  goals  for  the  NUV  (2*)  set  were  to  achieve 
a  minimum  mass  by  using  only  one  image  intensifier 
while  maximizing  the  throughput  and  minimizing 
cost.  A  trade-ofF  study  of  both  refractive  and  reflec¬ 
tive  optics  was  carried  out  in  parallel  with  a  search  for 
commercially  available  lens  systems.  Refractive  de¬ 
signs  could  be  used  but  require  changes  for  each 
wavelength.  The  reflective  design  seemed  more  gen¬ 
eral.  A  high-speed  reflective  cptics  lens  manufac¬ 
tured  by  the  Nye  Optical  Company  appeared  to  have 
the  best  characteristics.  It  employs  a  spherical  pri- 
m^  surface  and  an  aspherical  secondary  in  a  Casseg¬ 
rain  configuration.  The  effective  focal  length  is  90 
mm,  and  the  effective  focal  ratio  is  1. 1. 

Mechanical  modifications  of  the  selected  lens  were 
needed  to  have  four  optical  axes  and  thereby  four 
images.  A  cross  section  of  this  imager  is  shown  in 
Fig.  14.  The  lens  was  sawed  into  four  pie-shaped 
sections,  which  were  then  separated  by  the  appropri¬ 
ate  distance,  i.e.,  12.75  mm  as  mentioned  above.  The 
secondary  was  reassembled  and  bonded  to  a  backplate 
of  appropriate  material.  Provision  was  made  to  ad¬ 
just  ^e  primary  sections  individually.  Preliminary 
adjustments  were  made  at  visible  wavelengths  before 
the  bandpass  filters  and  the  Cs^Te  intensifier  were 
installed. 

Intensified  CCD  Oeteetora 

Application  of  the  intensified  CCD  detector  has  been 
discussed  in  detail  in  a  companion  paper.'  The 
principles  outlined  there  have  bMn  used  to  define  the 
AIS.  FigUK  16  shows  an  ICCD  assembly. 

Proximity-focused  image  intensifiers  were  pro- 
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cured  from  several  manufacturers.-  Four  cathode 
materials  were  used  to  cover  the  spectrum  (Tables  I 
and  IV).  Two  special  specifications  were  placed  on 
the  intensifiers:  (1)  flying  leads  and  (2)  a  transpar¬ 
ent  conductive  coating  on  the  fiber-optic  output  win¬ 
dow.  Although  all  the  intensifiers  could  have  been 
obtained  with  wraparound  power  supplies  in  essen¬ 
tially  the  same  mechanical  envelope,  we  prefer  to 
control  the  intensifier  gain  with  digitally  controlled 
high-voltage  power  supplies.  The  conductive  coat¬ 
ing  isolates  the  CCD  from  any  charge  leakage  caused 
by  the  hig^  voltage  (6000  V)  on  the  intensifier  anode. 

Intensifiers  from  different  manufacturers  tend  to 
have  different  dimensions;  thus  a  spcKnal  external 
shell  was  needed  to  establish  a  common  intmface 
between  the  instrument  and  the  CCD  assembly.  The 
housing  is  close  fitting  with  potting  cavities.  A 
50-nun  x  50-mm  format  about  the  detector  axis  is 
maintained  on  three  sides.  Special  attention  was 
given  to  ensuring  that  the  fiber-optic  window  was 
plane  with  the  back  surface  of  the  housing  when  the 
intensifier  is  potted  into  place.  The  flying  leads  were 
led  through  cavities  to  Reynolds  167-3770  connec¬ 
tors.  The  cavities  were  p^ted  for  insulation  pur¬ 
poses. 

Figure  16  illustrates  the  ICCD  configuration.  The 
fiber-optic  window  is  oil  coupled  to  the  face  of  the 
CCD.  A  ceramic  frame  is  ua(^  to  attadi  the  window 
to  the  CCD  package.  This  CCD  assembly  is  then 
positioned  in  the  larger  housing  with  the  window 
plane  with  the  surface  of  the  bousing,  since  this  is  the 
interface  to  the  intensifier.  A  small  copper  evapora¬ 
tor  with  a  copper  inlet  and  outlet  tuba  is  coupled  to 
the  rear  of  the  CCD  package  for  cooUi^.  The  con¬ 
tacts  to  the  CCD  pins  are  provided  by  a  constantan 


wire  leading  out  the  back.  The  cavity  around  the 
CCD  pins  is  covered  and  the  cavity  is  potted.  The 
CCD  housing  and  covers  are  made  of  Delrin,  whid) 
was  chosen  for  its  electrical  and  thermal  inflating 
properties.  Two  printed  circuit  boards  are  stacked 
on  the  back  of  the  housing,  one  for  CCD  biasing  and 
docldng  and  one  for  the  preamplifier.  A  recirculat¬ 
ing  Freon  refrigeration  s^tem  cools  the  CCD  to  its 
operating  temperature,  whidi  is  •>20*C  or  lower. 
Adthougb  the  AJS/Shuttle  Pallet  Satellite  instrument 
is  radiatively  cooled  in  space,  cooling  is  required  for 
laboratoiy  operation  and  most  groimd-based  applica¬ 
tions. 

We  have  tried  thermoelectric  cooling  of  the  CCD 
without  much  success.  The  beat  load  throu^  the 
fibor-optic  window  is  lar^,  whieh  requires  hi^  cur¬ 
rents  and  therefore  effident  heat  siifldng.  This  is 
not  consistent  with  the  small  size  that  ia  desired. 

The  CCD  readout  dreuitry  is  endosed  in  the  dec- 
tronics  compartment  bdow  the  spectrographs.  Both 
the  docking  and  the  analog  signal  line  are  shared 
among  the  CCD'a.  The  dectrooics  can  control  eight 
CCD's  and  intensifiers,  as  discussed  bdow. 

Photomalrie  Senaltivtty 

The  sensitivity  of  both  spectrographs  and  imagers  is 
discussed  in  the  companion  paper.'  Thia  section 
dnls  with  the  technique  of  i^brating  the  instru¬ 
ments  and  results.  Finally  the  results  are  reconciled 
with  the  calculations  to  rd^  the  design  expeeta^ons 
to  the  instrument  performance.  1%e  tools  that  wm 
used  to  perform  instrument  calibration  indude 
continuum  light  sources  (quartz  iodide  lamps,  hydro¬ 
gen  lamps),  a  set  of  calibrated  passband  filters,  a 
detector  that  has  been  calibrated  against  a  National 


Fig.  13.  SMorfourwiil«>usl«ultraviol«ttauftn(160,200.i35,260).  BKamdtb«frihon<bGall«igtha,tl>«fourltiiiMW«boi>did 
to  tht  window  of  tlM  imagt  inwailflor. 
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Fif*  14*  Set  of  four  luurow'in^o  ultruviolot  imagers  ( 160i  200, 225t  260),  The  Ceeee(rei&  ueee  e  four*9e(z&eut  optical  eyateox  to 
form  eepante  imacee  in  each  of  four  pasibands. 
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F1(.  18.  latanaiAar-CCD  aaaaBfoljr*  The  refrigamion  eweporator  ia  used  oalr  for  laboMtai^r  taatiam  The  AIS  ta  paaaiveljr  ooolad  In 


TablelV.  AltHwaperChafeawfoUaa _ 

Angular 

POV  SonatUvity 

Wavelength  Photo*  Angiikr  Quastua  <dn/a) 


Imagar 

Nuiiibar 

laager 

Isuftr 

IMCDAliOtt 

Paak(hw) 

(na) 

Aa  El 

(dag) 

aaaaitlva 

MateHal 

BaaaItttiaB 

(dag/pfn)) 

(atnna.) 

fRatfo 

parBaylaigh 
par  Pint 

1 

NUV 

NUV  160 

160(26) 

u 

1.6 

Ca,Te 

0.013 

0.06 

3.3 

0.076 

a 

NUV 

NUV  200 

300  (28) 

1.5 

1.6 

0.013 

0.06 

3.2 

0.070 

a 

NUV 

NUV  338 

238(28) 

1.8 

1.6 

0.013 

ao6 

3.3 

0.15 

4 

NUV 

NUV  260 

260(28) 

1.8 

1.6 

0.013 

ao6 

3J 

0.59 

6 

WUV 

WUV  160 

160(28) 

25 

21 

CaiTa 

0.17 

0.06 

3.3 

0.56 

6 

WUV 

WUV  200 

300(25) 

25 

31 

ai7 

0.06 

3.2 

0.58 

7 

WUV 

WUV  238 

236(28) 

28 

21 

0.17 

0.06 

3.3 

0.68 

a 

WUV 

WUV  260 

260(28) 

25 

21 

0.17 

0.06 

3.2 

1.6 

9 

UadlufflVIS 

VIS  800 

800(200) 

6.0 

5.5 

S*20 

0.043 

0.11 

2.6 

4.0 

10 

MadiuffiVIS 

VIS  700 

700(200) 

6.0 

5.3 

0.043 

0.09 

3.6 

2.5 

11 

WtR 

wmooo 

900(400) 

21 

19 

Si* 

0.18 

0.1 

3.3 

0.096 

13 

Nm 

NtRMO 

900(400) 

2.5 

3.0 

Si* 

0.016 

0.1 

2.5 

0.063 

HJBlntaaalAadCCD. 
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T«bl«  V.  Mats  tnd  DimMioAt  of  AIS  Componont* 


AIS 

Component 

Mus 

(kg) 

Dimeneions: 

Height  X  Length  x 
Width  (cm) 

Scanplttfom 

75 

60  X  40  X  36 

Initrment  control  unit 

10 

23  X  36  X  33 

Low«voltage  power  supply 

a 

10.5  X  35  X  26 

Hi|^«voItage  power  supply 

8 

10  X  30  X  23 

Data  recording  unit 

15 

20  X  50  X  25 

Motor  driver  box 

1 

5.2  X  18  X  9.4 

Ciblee 

7 

Bureau  of  Standards  standard  detector,  and  a  dif¬ 
fusing  screen  that  filled  the  FOV  of  the  spectrograph 
or  imager  being  calibrated. 

Two  techniques  were  used  to  calibrate  the  spectro¬ 
graphs.  The  first  approach  was  to  illuminate  the 
diffasing  screen  with  the  light  source  and  bandpass 
filter.  Filters  were  available  for  at  least  two  wave- 
lengUx  regions  within  the  spectral  range  of  each 
spectrograph.  The  spectrum  was  recorded  for  each 
of  the  huidpass  filters,  and  the  screen  brightness  was 
measured  with  the  standard  detector.  The  spectro¬ 
graph  record  verified  the  transmission  function  of  the 
filter.  The  integral  of  the  recorded  spectrum,  com¬ 
pared  with  the  brightness  that  is  measured  by  the 
standard  detector,  detemuned  the  instrument  sensi¬ 
tivity  at  each  filter  wavelength.  Second,  the  dif¬ 
fusing  screen  was  illuminated  by  a  stabilized  contin¬ 
uum  sourcp  Th*'  continuum  vrt<%  worded  by  all 
spectrograpns  simultaneously.  The  diffusing  screen 
was  observed  by  the  standard  detector  through  the 
bandpap’'  filters  to  establish  its  brightness  in  specific 
wavt  ngtb  bands.  The  spectrographic  record  estab- 
Uahf  i  the  run  of  intensity  in  the  continuum.  The 
comparison  of  the  brightness  that  was  measured 
through  the  bandpass  filter  with  the  recorded  contin¬ 
uum  spectrum  establishml  the  sensitivity.  The  re¬ 
sults  of  several  calibrations  are  given  in  Table  1  along 
with  other  parameters  that  are  usefiil  in  comparing 
spectrographs.  The  sensitivity  is  reasonably  con¬ 


stant  through  the  spectral  range  of  each  spectro¬ 
graph. 

The  second  calibration  method  described  above  is 
the  most  useful  for  field  work  and  for  reconciling 
possible  differences  between  spectrographs  in  their 
regions  of  overlap.  The  continuum  intensity  can  be 
reproduced  by  using  regulated  power  supplies  and 
confirmed  by  monitoring  with  a  standard  detector 
and  single  bandpass  filter  at  a  preferred  wavelength. 

Calibration  of  the  imagers  was  straightforward. 
The  continuum  source  was  used  to  illuminate  the 
screen,  and  the  continuum  brightness  was  deter¬ 
mined  by  the  filters  and  standardized  detector  as 
describe  above.  The  sensitivity  determined  for  each 
imager  is  given  in  Table  IV,  along  with  other  charac¬ 
teristics  of  the  imagers. 

In  the  companion  paper*  the  expected  sensitivity 
was  calculated  in  terms  of  the  rayleigd^’Second  (B-s), 
which  is  Uie  emission  rate  in  rtyleighs  that  is  re¬ 
quired  to  provide  a  signal-to-noise  ratio  of  unity  in  I  s. 
The  calculation  assumes  that  the  ICCD  detection 
tystem  has  photon-counting  efficiency,  and  therefore 
the  result  is  the  count  rate,  in  photoevents  per 
second,  that  results  from  an  emission  rate  of  1 
rayleigh.  The  difference  in  the  calculation  and  the 
measurement  is  in  the  gain  of  the  system;  the  average 
signal  level  per  photoevent  can  be  calculated  by 
combining  the  two  measurements.  If,  for  example,  a 
1-rayleigh  emission  rate  produces  2.9  DN/s,  and  the 
sensitivity  is  4  R-s,  a  sm^e  photoevent  gives  an  aver¬ 
age  signal  level  of  11.6  DN,  where  DN  is  a  data 
number  equal  to  one  unit  in  the  analog-tc-digital 
conversion. 

Arizona  Imsger/Spactrograph  Subsystems 

The  AIS  subsystems  include  the  sensor  head  with  the 
spectrographs  and  imagers,  the  scan  platform,  the 
instrument  control  unit,  the  low-voltage  power  sup¬ 
plies,  the  liigh-voltage  power  supplies,  the  data  record¬ 
ing  unit,  the  motor  drive  box,  and  interconnecting 
cabling.  Table  V  lists  the  mass  and  dimensions  of 
these  subsystems.  Figure  16  shows  a  block  diagram 
of  the  subsystems  and  their  interconnections. 
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MemoiyType 

Kbytes 

Boot  ROM  (fused  lixik) 

d 

Capacitor  badsed^up  RAM 

4000 

EPROM 

384 

RAM 

256 

Data  RAM  (double  ported) 

3000 

Scan  Platform 

A  scan  platform  can  direct  the  coaligned  FOV s  of  the 
AIS  to  specified  targets.  The  platform  has  two  axes 
of  rotation,  which  we  refer  to  as  aaimuth  and  eleva¬ 
tion.  The  sensor  head  is  suspended  between  two 
bearings  on  the  elevation  axis.  This  assembly  is 
moun^  on  a  turntable  that  provides  the  azimuth 
rotation.  Both  motions  are  driven  by  stepping  mo¬ 
tors  through  worm  gears.  For  stren^h  and  reliabil¬ 
ity,  the  worm  gears  were  doubly  tapered  cone  gears 
manufactured  by  Cone  Drive  Textron,  which  engage 
19  teeth.  The  step  size  is  0.0082*  in  elevation  and 
0.014*  in  azimuth.  The  rotation  range  in  elevation 
is  -60®  to  136®  from  the  horizontal  and  in  azimuth 
-175®  to  +175®.  The  scan  rates  are  106*/n^  in 
azimuth  and  52*/ min  in  elevation.  The  position  is 
measured  in  terms  of  the  niunber  of  steps  from  a 
fiducial  microswitch  for  each  axis. 

Instniment  Control  Unit 

All  AIS  functions  are  initiated  in  the  computer  that 
are  housed  in  the  inatrument  control  unit.  This 
drcuitiy  can  be  divided  into  three  sections:  the 
microcomputer,  the  CCD  controller,  and  the  interface 
drcuitiy.  A  bus  backplane  was  used,  and  all 
drcuitiy  was  fabricated  on  (touble  Eurocard  printed 
circuit  boards. 

A  complementary  metal-oxide  semiconductor  ain|d^ 
board  computer  controls  the  AIS.  Important  changes 


to  provide  reliability  and  fiexibility  were  made  in  the 
memory  addressable  by  the  80C86  microprocessor. 
The  memory  sections  are  listed  in  Table  VI.  A 
custom  boot  program  was  written  for  the  Bios  read¬ 
only  memory  (ROM).  All  the  essential  startup  and 
communications  subroutines  were  induded  in  the 
BIOS,  which  was  written  into  the  Fused  Link  ROM. 
The  bit  patterns  in  this  memory  cannot  be  altered 
permanently  by  high-energy  particle  penetration. 
The  operational  programs  for  the  AIS  were  written 
into  the  eprom,  but  reliability  was  insured  by  provid¬ 
ing  three  copies  of  the  program  and  a  load  routine 
that  corrects  errors  to  the  bit  level. 

Variable  parameters  are  stored  in  capadtor-backed 
RAM  so  that  the  instrument  can  be  powered  down 
without  loss  of  information  on  the  current  instru¬ 
ment  configuration.  The  AIS  program  is  loaded 
from  the  EPROM  to  the  RAM  to  run.  A  3-Mb^e 
double-ported  memory  serves  for  data  accumulation 
and  buffering. 

Figure  17  is  a  diagram  of  program  flow.  When 
power  is  applied  to  the  instrument  control  unit  the 
microcomputer  performs  the  CPU  health  check,  estab¬ 
lishes  the  engineering  telemetry  link,  and  completes 
the  instrument  frinctional  tests.  In  flight  selected 
sdence  data  and  engineering  data  are  queued  for  a 
roal-time  low-rate  data  link.  Most  of  the  data  are 
collected  at  high  speed  in  the  data  memory,  then 
transferred  to  an  optical  disk  when  the  observation 
has  been  completed.  Most  of  the  observing  pro¬ 
grams  are  stored  in  the  eprom  because  the  command 
uplink  capability  in  flight  is  quite  limited. 

The  CCD  controller,  referred  to  as  the  micro  con¬ 
trol  unit,  contains  a  simple  processor  and  memoty. 
The  readout  format  of  the  spectrographs  (Fig.  6)  is 
selected  by  on-chip  or  off-chip  summation  to  fonn 
effective  pixels  that  are  long  and  narrow  by  summing 
in  the  direction  parallel  to  the  slit.  The  effective 
pixel  appears  to  be  1  x  N  real  pixels,  the  length  xV 
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depending  on  the  spatial  resolution  that  is  required 
The  imagm  can  be  read  out  with  on*chip  or  off*ebip 
siuQniation  to  form  larger  square  pixels  of  2  x  2, 3  x 
3,  etc.  Pixel  windows  are  ^dresntble.  High-speed 
clocking  is  also  available;  tbd  pixel  shift  rate  can  be 
increased  from  the  1-MHz  rate  that  is  used  with 
digitization  to  a  4-MHz  rate  when  the  charge  is 
sldfted  but  not  digitized  Several  readout  formats 
can  be  stored  in  the  micro  control  unit  program 
memory.  Once  a  particular  program  is  activated  the 
micro  control  unit  free  runs. 

Power  Supplies  and  Data  Recorder 

The  low-voltage  power  supply  subsystem  contains 
nine  miniature  power  supplies  and  matching  EMI 
filters  that  are  manufactu^  by  Integrated  Circuit 
Inc.  Turning  on  power  to  the  AIS  activates  only  the 
power  supplies  that  power  the  instrument  control 
unit  microprocessor.  When  the  microprocessor  has 
performed  its  self-check,  it  can  power  other  parts  of 
the  system  as  required  To  save  power  and  reduce 
heating,  power  supplies  are  turned  on  on^  when  they 
are  ne^ed. 

Each  intensifier  has  its  own  high-voltage  power 
supply.  The  seven  units  were  maniifactured  by  K&M 
Electronics,  Inc.  (Model  M2225).  Digital  inputs  to 
each  supply  control  the  microchannel  plate  voltage 
and  photocathode  gating  potential. 

Most  of  the  data  that  are  collected  by  the  AIS  will 
be  stored  on  a  200-Mbyte  WORM  optical  disk  re¬ 
corder  manufactured  by  OptoTedi  and  ruggedized  to 
mUitazy  roedfications  by  Mountain  Optech.  The 
optical  disk  and  its  power  converter  are  housed  in  a 
swed  vessel  that  maintains  1  atm  of  pressure. 

This  research  was  supported  under  contract  SFRC- 
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